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O cancro é un conxunto de enfermidades con base xenética 
complexa. O cancro de mama é o tipo de tumor maligno máis 
frecuente en mulleres e constitúe a segunda causa das mortes 
relacionadas con cancro, tras o cancro de pulmón e bronquios. 
Aínda que existen diferentes factores xenéticos e ambientais 
coñecidos que contribúen a incrementar o risco de desenvolver 
cancro de mama, na maioría dos casos descoñécese a súa 
etioloxía. O cancro de mama correspóndese cun conxunto 
heteroxéneo de enfermidades que inclúe diferentes subtipos. Por 
tanto, existen diferencias en termos de incidencia, prognose, 
progresión ou resposta a terapia entre os distintos subtipos de 
cancro de mama. Na actualidade, diferéncianse catro subtipos de 
cancro de mama, en base o diagnóstico molecular, segundo a súa 
expresión do receptor de proxesterona (PR), do receptor de 
estróxenos (ER) e do receptor 2 do factor de crecemento 
epidérmico (HER2): luminal A (PR+/ER+/HER2-), luminal B 
(PR+/-/ER+/HER2+/-), sobre-expresión de HER2 (PR-/ER-
/HER2+) e ‘basal-like’ ou triple-negativo (PR-/ER-/HER2-). 
A maior parte das mortes relacionadas con cancro débense a 
diseminación tumoral ou metástase. A metástase é o proceso polo 
cal se produce a propagación das células tumorais cara 
localizacións secundarias afastadas do foco tumoral primario 
(tumor de mama). Deste xeito, o cancro pasa de ser unha 
enfermidade localizada a ser unha doenza sistémica. A metástase 
é un proceso complexo, constituído por múltiples fases, como 
migración e invasión dende o tumor primario, intravasación, 
supervivencia das células tumorais circulantes (CTC) no torrente 
sanguíneo, extravasación nunha localización secundaria, 
supervivencia e proliferación, dando lugar a un novo foco tumoral 
ou lesión metastática. A pesar dos grandes avances realizados na 
prevención, diagnose e tratamento do cancro de mama, a 
metástase continúa a ser unha enfermidade incurable. De feito, 
estímase que entre o 5% e o 10% dos pacientes presentarán 
metástase no momento do diagnóstico e que aproximadamente o 
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30% dos pacientes con cancro de mama acabará progresando cara 
un estado diseminado da enfermidade ó longo do tratamento. Por 
tanto, incrementar o coñecemento e comprensión sobre o proceso 
de metástase é esencial para mellorar o tratamento dos pacientes. 
Neste contexto, as células tumorais circulantes (CTC) 
desenvolven un papel esencial, xa que son as responsables da 
formación das metástases. As CTC correspóndense con aquelas 
células tumorais que son liberadas á circulación sanguínea dende 
o tumor primario, ou ben dende as lesións metastáticas 
preexistentes. As CTC poden circular no torrente sanguíneo como 
células individuais, ou ben como pequenas agrupacións 
oligoclonais de células, chamadas clústeres de CTC. As CTC, 
tanto individuais como en forma de clústeres de CTC, poden ser 
detectadas a partir de mostras de sangue periférica ou ‘biopsias 
líquidas’. A ‘biopsia líquida’, en contraposición á biopsia sólida 
tisular convencional, constitúe unha técnica minimamente 
invasiva que aporta información actualizada e a tempo real do 
estado de progresión do tumor. Na actualidade, é posible detectar 
e estudar as CTC presentes nas mostras de biopsia líquida, grazas 
o desenvolvemento e mellora das tecnoloxías de enriquecemento 
e illamento de CTC. As diversas metodoloxías de enriquecemento 
de CTC clasifícanse en dous grandes grupos: i) enriquecemento 
baseado en propiedades biolóxicas; ii) enriquecemento baseado 
en propiedades físicas. 
Os sistemas de enriquecemento fundamentados en 
propiedades biolóxicas baséanse no uso de anticorpos para a 
detección de diferentes marcadores. Estes marcadores poden ser 
expresados polas CTC (enriquecemento positivo), ou ben ser 
expresados polo resto de células da mostra pero non polas CTC 
(enriquecemento negativo). Entre os sistemas de enriquecemento 
baseados en características biolóxicas destaca o sistema 
CellSearch®, o cal se basea na detección do antíxeno EpCAM 
(Epithelial Cell Adhesion Molecule) para a identificación de 
CTC. CellSearch® é o único sistema de enriquecemento de CTC 
aprobado pola FDA (Food and Drug Administration) para o seu 
uso clínico en cancro de mama, próstata e en cancro colorrectal. 
Este tipo de sistemas de identificación de CTC posúe unha gran 




unicamente permite detectar as CTC de fenotipo epitelial, 
perdendo aquelas CTC de fenotipo máis mesenquimal. Ademais, 
CellSearch® non permite a recuperación das CTC identificadas en 
estado viable, restrinxindo a variedade de análises posteriores. 
Estas limitacións propiciaron o desenvolvemento dos sistemas de 
illamento baseados en propiedades físicas e por tanto, 
independentes da expresión de marcadores por parte das CTC. 
Estes sistemas inmuno-independentes teñen a capacidade 
potencial de identificar unha poboación de CTC fenotípicamente 
máis heteroxénea. Estas metodoloxías están baseadas en 
diferentes propiedades físicas, como densidade (gradiente de 
densidade), tamaño (microfiltración), tamaño e deformabilidade 
(microfluídica), propiedades eléctricas (dielectroforese). Así, por 
exemplo, a leucoaférese diagnóstica (DLA) é un proceso que 
emprega a densidade como parámetro para o illamento de CTC. 
A DLA é un procedemento estándar empregado no ámbito clínico 
para o illamento das células mononucleares mediante a 
centrifugación continua do sangue. Recentemente, demostrouse 
que as CTC poden ser co-illadas conxuntamente coas células 
mononucleares durante a centrifugación continua, xa que posúen 
densidades similares. Ademais, en comparación coas mostras de 
sangue periférica, os produtos de DLA teñen a vantaxe de que 
derivan de grandes volumes de sangue, maximizando a 
probabilidade de detección de CTC. 
Os sistemas microfluídicos permiten identificar as CTC 
presentes nunha mostra, fundamentándose no seu maior tamaño 
e menor deformabilidade en comparación co resto de células 
sanguíneas. Os dispositivos microfluídicos son uns dos máis 
empregados na actualidade, xa que realizan múltiples pasos 
dentro dun chip (‘lab on a chip’), permitindo un procesamento 
continuo que minimiza a perda de mostra durante o proceso. 
ParsortixTM é un sistema microfluídico semiautomatizado capaz 
de capturar CTC en diversos tipos de mostras (sangue periférico, 
ascite, medula ósea). Trátase dun sistema coste-efectivo, versátil 
e sinxelo que permite recuperar as CTC identificadas nun estado 
viable, o que posibilita o seu posterior cultivo in vitro, ou 
caracterización transcriptómica, entre outros. 
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A información máis elemental que se pode obter a partir 
dunha mostra de biopsia líquida (aproximadamente 7,5 mL de 
sangue) é o reconto de CTC. A pesar de ser un parámetro 
aparentemente sinxelo de determinar, o reconto de CTC posúe un 
gran valor prognóstico. De feito, estableceuse que a detección por 
CellSearch® de ≥5 CTC/7,5 mL de sangue periférica constitúe un 
factor de prognóstico negativo en pacientes con cancro de mama, 
mentres que aqueles pacientes que posúen <5 CTC/7,5 mL 
presentan un prognóstico favorable. Por tanto, as CTC constitúen 
unha ferramenta esencial e de gran potencial para impulsar o 
desenvolvemento dunha medicina personalizada, orientada á 
monitorización da progresión tumoral durante a terapia. 
Pola súa parte, os clústeres de CTC correspóndense cunha 
subpoboación minoritaria, xa que unicamente representan entre o 
1% e o 30% de todas as CTC. A pesar da súa reducida frecuencia 
en sangue, pénsase que os clústeres de CTC posúen un potencial 
metastático entre 23 e 50 veces maior que as CTC individuais. De 
feito, estímase que os clústeres de CTC son os responsables da 
formación da maioría das metástases e a súa presenza en mostras 
de biopsia líquida correlaciónase con unha prognose adversa. 
A maior supervivencia e maior resistencia a anoikis (morte 
celular por ausencia de anclaxe) dos clústeres de CTC na 
circulación sanguínea, a súa menor incidencia de apoptose na 
localización secundaria e a expresión de marcadores de tipo 
‘stem’ son algúns dos factores que explican parcialmente o maior 
potencial metastático dos clústeres de CTC. Ademais, a 
enumeración dos clústeres de CTC constitúe un factor 
prognóstico independente, que aporta información adicional o 
reconto de CTC por si só. A pesar da gran relevancia dos clústeres 
de CTC no proceso de progresión tumoral e formación de 
metástases, existe un coñecemento limitado sobre a súa orixe, a 
súa bioloxía, ou sobre as características fenotípicas que os fan 
máis metastáticos que as CTC individuais. Isto débese a súa 
reducida frecuencia no sangue, así como a limitada capacidade 
das tecnoloxías de illamento actuais para identificar e illar os 
clústeres de CTC sen alterar a súa integridade física, o que 




biolóxico para o seu estudo. Polo tanto, faise necesario o 
desenvolvemento de ferramentas alternativas que contribúan a 
superar estas limitacións. Neste senso, a xeración de modelos 
experimentais de clústeres de CTC permite incrementar a 
cantidade de material biolóxico dispoñible para o seu estudo. 
A presente tese de doutoramento ten por obxectivo principal 
a realización dun estudo comparativo entre as CTC individuais e 
os clústeres de CTC, coa fin de profundar na bioloxía dos 
clústeres de CTC, determinar as características diferenciais que 
lle aportan maior potencial metastático e, en última instancia 
contribuír a determinar o seu papel durante a progresión tumoral 
e a formación das metástases. Para acadar este obxectivo, 
realizamos o illamento de CTC individuais e clusters de CTC a 
partir de mostras biopsia líquida procedentes de pacientes con 
cancro de mama metastático, avaliamos a capacidade prognóstica 
das CTC e dos clústeres de CTC e optimizamos as condicións de 
illamento inmuno-independente de clústeres de CTC a partir de 
diferentes mostras biolóxicas de partida (biopsia líquida, produtos 
de DLA). Ademais, desenvolvemos modelos de CTC individuais 
e de clústeres de CTC empregando liñas celulares humanas de 
cancro de mama e, finalmente, caracterizamos, tanto funcional, 
como molecularmente os modelos para comprobar a súa 
idoneidade e o seu potencial como ferramenta de estudo da 
bioloxía dos clústeres de CTC. 
Para avaliar a capacidade prognóstica dos clústeres de CTC, 
recolléronse mostras de sangue periférico dunha cohorte de 
pacientes (N = 54) con distintos subtipos de cancro de mama 
metastático. As mostras foron tomadas en diferentes momentos 
da enfermidade, no momento basal, previo ó inicio do tratamento 
quimioterápico, e no momento de progresión a este. As mostras 
de biopsia líquida foron empregadas para o reconto de CTC 
individuais e de clústeres de CTC mediante o sistema 
CellSearch®. Esta enumeración permitiunos confirmar que no 
momento basal o reconto dos clústeres de CTC constitúe un factor 
prognóstico independente que aporta valor adicional o reconto de 
CTC individuais, particularmente en pacientes con elevados 
recontos de CTC individuais. Ademais, a presenza continuada o 
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longo do tratamento de clústeres de CTC no sangue periférico dos 
pacientes asóciase cun prognóstico adverso, xa que se 
correlaciona cunha redución da supervivencia. 
A detección unicamente de aquelas CTC de fenotipo epitelial 
(que expresan EpCAM), a imposibilidade de recuperar as CTC 
detectadas en estado viable e o feito de tratarse dun sistema que 
non permite a optimización de protocolos para o illamento de 
clústeres de CTC son algunhas das grandes limitacións do 
CellSearch®, así como doutros sistemas de enriquecemento 
inmuno-dependentes. Para superar estas limitacións, levamos a 
cabo a detección inmuno-independente de CTC e especialmente 
de clústeres de CTC a partir de mostras de sangue periférico 
obtidas de pacientes con cancro de mama metastático. O 
procesamento levouse a cabo no sistema microfluídico 
ParsortixTM, aplicando un protocolo de separación con menor 
velocidade de fluxo e menor presión, especialmente deseñado 
para preservar a integridade dos clústeres de CTC. Ademais, a 
optimización dunha inmuno-tinguidura sobre células vivas 
permitiu identificar tanto CTC individuais como clústeres de 
CTC nestas mostras. A optimización deste fluxo de traballo 
permite a recuperación de CTC en estado viable que poden ser 
posteriormente empregadas para diferentes análises que requiren 
de células vivas, como o cultivo in vitro ou estudos 
transcripcionais a nivel de célula individual (single-cell analysis). 
Esta metodoloxía posibilita un estudo máis detallado da bioloxía 
das CTC e dos clústeres de CTC, permitindo afondar na 
comprensión do proceso de metástase. 
Adicionalmente e co propósito de maximizar a frecuencia de 
detección de CTC e especialmente de clústeres de CTC, tamén se 
verificou se é factíbel o uso de produtos de DLA para o illamento 
de CTC e clústeres de CTC no ParsortixTM. A optimización dos 
parámetros máis relevantes do fluxo de traballo, como a filtración 
previa da mostra ou a selección do protocolo de separación máis 
axeitado, permitiunos identificar, illar e recuperar tanto CTC 
individuais, como clústeres de CTC. A pesar da súa elevada 
celularidade, demostramos que é factíbel usar mostras de DLA 




probas adicionais, os datos indican que os produtos DLA 
constitúen un tipo de mostra con gran potencial para incrementar 
a capacidade de detección de clústeres de CTC, contribuíndo a 
superar a limitación da baixa frecuencia de clústeres de CTC 
detectados nas mostras comúns de sangue periférico (7,5 mL). 
Por outra banda, desenvolvemos modelos in vitro de CTC 
individuais e de clústeres de CTC, mediante o uso de liñas 
celulares humanas de cancro de mama. Utilizáronse dúas liñas 
celulares diferentes, cada unha pertencente a un subtipo de cancro 
de mama distinto e con diferentes características fenotípicas. Os 
modelos de CTC son recursos alternativos axeitados para vencer 
a limitación da baixa frecuencia de CTC e, sobre todo de clústeres 
de CTC no sangue dos pacientes. Tras a súa xeración, estes 
modelos foron caracterizados funcional e molecularmente, coa 
fin de comprobar a súa idoneidade. Os ensaios funcionais in vitro 
foron deseñados para simular diferentes etapas do proceso de 
metástase. Os datos obtidos cos ensaios in vitro foron 
confirmados polos ensaios funcionais in vivo, realizados sobre 
embrións de peixe cebra (Danio rerio) e sobre modelos murinos 
(Mus musculus). A caracterización funcional in vitro e no rato 
mostrou que os modelos de clústeres de CTC posúen maior 
capacidade de migración, invasión, supervivencia en circulación, 
formación de colonias e maior capacidade de colonización para 
xerar lesións metastáticas, en comparación co modelo de CTC 
individuais. Ademais, nos peixes inxectados co modelo de 
clústeres de CTC observouse menor diseminación celular pero 
maior capacidade de supervivencia e proliferación das células 
diseminadas en comparación cos inxectados con CTC 
individuais, suxerindo unha maior capacidade de supervivencia 
dos clústeres de CTC na circulación do peixe. Estes resultados 
están apoiados pola caracterización molecular, a cal mostrou que 
as células diseminadas nos peixes inxectados co modelo de 
clústeres de CTC posúen unha maior expresión de xenes tipo 
‘stem’ (CD44, ITGA6), xenes relacionados coa regulación do 
ciclo celular e a proliferación (CDK4, E2F4) e unha maior 
expresión do xene de supervivencia PLAU, en comparación coas 
células diseminadas nos peixes inxectados con CTC individuais. 
Concordemente, tamén se observou unha menor expresión do 
INÉS MARTÍNEZ PENA 
38 
 
xene pro-apopótico BAX nas células diseminadas nos 
xenotrasplante de clústeres de CTC. Non só existe unha 
concordancia entre as observacións funcionais e moleculares, 
senón que estes resultados tamén están apoiados polas 
observacións publicadas na literatura, onde se suxire unha posible 
maior capacidade de supervivencia dos clústeres de CTC para 
explicar parte do seu maior potencial metastático. 
Consecuentemente, o modelo experimental de clústeres de CTC 
xerado a partir de liñas celulares de cancro de mama representa 
de xeito fidedigno os trazos fenotípicos dos clústeres de CTC 
illados do sangue de pacientes, sendo unha ferramenta útil para o 
estudo da súa bioloxía. 
O uso dun modelo ortotópico murino de cancro de mama 
metastático humano, de subtipo triple negativo, permitiunos 
monitorizar o proceso de progresión tumoral completo, dende a 
formación do tumor primario ata a aparición das metástases, nun 
sistema biolóxico complexo. Este modelo tamén posibilitou a 
captura e illamento de CTC e de clústeres de CTC a partir de 
mostras de sangue obtidas mediante punción cardíaca. O 
procesamento destas mostras no sistema microfluídico 
ParsortixTM e o posterior reconto do número de células illadas 
permitiunos corroborar que os clústeres de CTC son unha 
poboación minoritaria. Concretamente, neste modelo os clústeres 
de CTC representaron aproximadamente o 12,7% de todas as 
CTC. O procesamento de mostras de sangue derivadas deste 
modelo ortotópico empregando un kit de enriquecemento 
negativo posibilitou o illamento de CTC vivas que foron 
posteriormente postas en cultivo in vitro. Esta liña derivada das 
CTC do modelo murino, chamada mCTC, medra in vitro en 
condicións de baixa adherencia, en forma de pequenas 
agrupacións celulares, polo que podería constituír potencialmente 
un modelo de clústeres de CTC máis realista, dende o punto de 
vista fisiolóxico. A caracterización funcional preliminar da liña 
mCTC indica que posúe unha maior resistencia a estrés fluídico 
in vitro, así como unha maior capacidade de diseminación e 
supervivencia no peixe cebra, en comparación co modelo de 
clústeres de CTC. Os datos transcriptómicos (RNAseq) 




expresados entre a liña mCTC e as células control. Aínda que será 
necesaria unha validación posterior, algúns destes xenes poderían 
estar implicados nas características metastáticas da liña mCTC. 
Por tanto, a liña mCTC posúe un elevado potencial como modelo 
de clústeres de CTC fisioloxicamente máis realista, aínda que se 
necesitará unha caracterización máis exhaustiva para confirmar 
esta hipótese. Adicionalmente, as células tumorais illadas no 
ParsortixTM, tanto CTC individuais como clústeres de CTC foron 
recuperadas e empregadas para a realización de estudos 
xenómicos de célula individual coa fin de estudar o perfil 
mutacional das CTC e dos clústeres de CTC. Os datos xenómicos 
preliminares mostran que é posible inferir mutacións a partir de 
CTC individuais e de clústeres e que os clústeres de CTC parecen 
posuír unha maior variabilidade xenética que as CTC individuais, 
amosando SNV (Single Nucleotide Variants) específicos que non 
existen nas CTC individuais. Estes resultados poderían contribuír 
a explicar a policlonalidade dos clústeres de CTC e a entender o 
seu maior potencial metastático. Non obstante, requiriranse 
estudos adicionais para identificar os trazos xenómicos das CTC 
e dos clústeres de CTC responsables da xeración das metástases. 
Os clústeres de CTC desenrolan un papel fundamental na 
diseminación tumoral, xa que son os responsables da formación 
da maioría das metástases. En conxunto, o presente proxecto de 
tese confirma a relevancia clínica e o valor prognóstico dos 
clústeres de CTC e, por tanto, da biopsia líquida, nunha cohorte 
non seleccionada de pacientes con cancro de mama metastático. 
A pesar da súa reducida frecuencia en sangue, o reconto de 
clústeres de CTC aporta valor informativo adicional á 
enumeración das CTC individuais por si soas. Ademais, a 
optimización das condicións de enriquecemento de CTC en 
sistemas de illamento inmuno-independente, así como o uso de 
mostras de biopsia líquida alternativas a 7,5 mL de sangue 
periférico, como os produtos de DLA, non só poden permitir 
maximizar a capacidade de detección de CTC e clústeres de CTC, 
senón que posibilita potencialmente a captación dunha maior 
heteroxeneidade nas CTC, representando de xeito máis realista a 
poboación de CTC presente no sangue dos pacientes. Por outra 
banda, os modelos de clústeres de CTC desenvoltos no presente 
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proxecto recapitulan de maneira realista os trazos fenotípicos dos 
clústeres de CTC illados de paciente con cancro de mama. Por 
tanto, constitúen ferramentas con un gran potencial para o estudo 
da súa bioloxía. A combinación das distintas ferramentas e 
recursos mostrados neste proxecto de tese poden contribuír a 
superar as limitación impostas pola baixa frecuencia de clústeres 
de CTC no sangue dos pacientes e posibilita o aumento da 
dispoñibilidade de mostra inicial, o que permitirá afondar no 
coñecemento sobre o papel que desenvolven os clústeres de CTC 
durante a progresión tumoral e a formación de metástases. Este 
coñecemento resulta esencial para impulsar o avance da medicina 





















El cáncer es un conjunto de enfermedades con base genética 
compleja. El cáncer de mama es el tipo de tumor maligno más 
común en la población femenina y es la segunda causa principal 
de muerte relacionada con el cáncer, después del cáncer de 
pulmón y bronquios. Aunque existen diferentes factores 
genéticos y ambientales conocidos que contribuyen a un mayor 
riesgo de desarrollar cáncer de mama, en la mayoría de los casos 
se desconoce su etiología. El cáncer de mama se corresponde con 
un conjunto heterogéneo de enfermedades y que por tanto, 
incluye diferentes subtipos. Existen diferencias en términos de 
incidencia, pronóstico, progresión o respuesta a la terapia entre 
los diferentes subtipos de cáncer de mama. Actualmente, se 
diferencian cuatro subtipos de cáncer de mama, en base al 
diagnóstico molecular, según la expresión del receptor de 
progesterona (PR), del receptor de estrógenos (ER) y del receptor 
2 del factor de crecimiento epidérmico (HER2): luminal A 
(PR+/ER+/HER2-), luminal B (PR+/-/ER+/HER2+/-), 
sobreexpresión de HER2 (PR-/ER-/HER2+) y 'basal-like' o triple 
negativo (PR-/ER-/HER2-). 
La mayoría de las muertes relacionadas con cáncer se deben 
a la diseminación tumoral o metástasis. La metástasis es el 
proceso por el cual las células tumorales diseminan a 
localizaciones secundarias, alejadas del foco tumoral primario 
(tumor de mama). De esta forma, el cáncer pasa de ser una 
enfermedad localizada a ser una enfermedad sistémica. La 
metástasis es un proceso complejo, constituido por múltiples 
fases: migración e invasión desde el tumor primario, 
intravasación, supervivencia de las células tumorales circulantes 
(CTC) en el torrente sanguíneo, extravasación en una localización 
secundaria, supervivencia y proliferación, lo que genera un nuevo 
foco tumoral, o lesión metastásica. A pesar de los grandes avances 
realizados en la prevención, el diagnóstico y el tratamiento del 
cáncer de mama, la metástasis sigue siendo una enfermedad 




pacientes presentarán metástasis en el momento del diagnóstico y 
que aproximadamente el 30% de los pacientes con cáncer de 
mama progresarán a un estado diseminado de la enfermedad a lo 
largo del tratamiento. Por tanto, incrementar el grado de 
conocimiento y comprensión sobre el proceso de metástasis 
resulta fundamental para mejorar el tratamiento de los pacientes. 
En este contexto, las células tumorales circulantes (CTC) 
desempeñan un papel fundamental, ya que son las responsables 
de la formación de las metástasis. Las CTC se corresponden con 
las células tumorales liberadas a la circulación sanguínea desde el 
tumor primario, o bien desde las lesiones metastásicas 
preexistentes. Las CTC pueden circular en el torrente sanguíneo 
como células individuales, o como pequeños grupos 
oligoclonales de células, llamados clústeres de CTC. Las CTC, 
tanto individuales como en forma de clústeres de CTC, pueden 
detectarse a partir de muestras de sangre periférica o "biopsias 
líquidas". La "biopsia líquida", en contraposición a la biopsia de 
tejido sólido convencional, es una técnica mínimamente invasiva 
que proporciona información actualizada y a tiempo real sobre la 
progresión del tumor. En la actualidad, es posible detectar y 
estudiar las CTC presentes en muestras de biopsia líquida, gracias 
al desarrollo y mejora de las tecnologías de enriquecimiento y 
aislamiento de CTC. Las diversas metodologías de 
enriquecimiento de CTC se clasifican en dos grandes grupos: i) 
enriquecimiento basado en propiedades biológicas; ii) 
enriquecimiento basado en propiedades físicas. 
Los sistemas de enriquecimiento basados en propiedades 
biológicas se fundamentan en el uso de anticuerpos para la 
detección de diferentes marcadores. Estos marcadores pueden ser 
expresados por las CTC (enriquecimiento positivo), o ser 
expresados por el resto de las células de la muestra pero no por 
las CTC (enriquecimiento negativo). Entre los sistemas de 
enriquecimiento basados en características biológicas, destaca el 
sistema CellSearch®, que se basa en la detección del antígeno 
EpCAM (Epithelial Cell Adhesion Molecule) para la 
identificación de CTC. CellSearch® es el único sistema de 
enriquecimiento de CTC aprobado por la FDA (Food and Drug 
Administration) para su uso clínico en cáncer de mama, próstata 
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y colorrectal. Este tipo de sistemas de identificación de CTC son 
muy útiles. Sin embargo, la detección de CTC basada en EpCAM 
solo permite la identificación de CTC de fenotipo epitelial, 
perdiendo las CTC más mesenquimales. Además, CellSearch® no 
permite la recuperación de las CTC identificadas en estado viable, 
restringiendo la variedad de análisis posteriores. Estas 
limitaciones han llevado al desarrollo de sistemas de aislamiento 
basados en propiedades físicas y, por tanto, independientes de la 
expresión de marcadores por parte de las CTC. Estos sistemas 
inmuno-independientes tienen la capacidad potencial de 
identificar una población de CTC fenotípicamente más 
heterogénea. Estas metodologías se basan en diferentes 
propiedades físicas, como densidad (gradiente de densidad), 
tamaño (microfiltración), tamaño y deformabilidad 
(microfluídica), propiedades eléctricas (dielectroforesis). Así, por 
ejemplo, la leucaféresis diagnóstica (DLA) es un proceso que 
utiliza la densidad como parámetro para el aislamiento de CTC. 
La DLA es un procedimiento estándar utilizado en el ámbito 
clínico para el aislamiento de células mononucleares mediante la 
centrifugación continua de la sangre. Recientemente, se ha 
demostrado que es posible co-aislar CTC conjuntamente con las 
células mononucleares durante la centrifugación continua, ya que 
poseen una densidad similar. Además, en comparación con las 
muestras de sangre periférica, los productos de DLA tienen la 
ventaja de que derivan de grandes volúmenes de sangre, lo que 
maximiza la probabilidad de detección de CTC. 
Los sistemas de microfluídica permiten identificar las CTC 
presentes en una muestra, en función de su mayor tamaño y menor 
deformabilidad en comparación con el resto de las células 
sanguíneas. Los dispositivos de microfluídica son unos de los más 
utilizados en la actualidad, ya que realizan varios pasos dentro de 
un chip ("lab on a chip"), lo que permite un procesamiento 
continuo que minimiza la pérdida de muestra durante el proceso. 
ParsortixTM es un sistema de microfluídica semiautomatizado, 
capaz de capturar CTC en diversos tipos de muestra (sangre 
periférica, ascitis, médula ósea). Se trata de un sistema coste-




identificadas en un estado viable, lo que posibilita su posterior 
cultivo in vitro, o su caracterización transcriptómica, entre otros. 
La información más básica que se puede obtener de una 
muestra de biopsia líquida (aproximadamente 7,5 mL de sangre) 
es el recuento de CTC. A pesar de ser un parámetro 
aparentemente sencillo de determinar, el recuento de CTC posee 
un gran valor pronóstico. De hecho, se ha establecido que la 
detección mediante CellSearch® de ≥5 CTC/7,5 mL de sangre 
periférica es un factor pronóstico negativo en pacientes con 
cáncer de mama, mientras que aquellos pacientes con <5 CTC/7,5 
mL tienen un pronóstico favorable. Por lo tanto, las CTC 
constituyen una herramienta esencial y de elevado potencial para 
impulsar el desarrollo de una medicina personalizada, dirigida a 
monitorizar la progresión tumoral durante la terapia. 
Por su parte, los clústeres de CTC se corresponden con una 
subpoblación minoritaria, ya que solo representan entre el 1% y 
el 30% del total de CTC. A pesar de su baja frecuencia en sangre, 
se cree que los clústeres de CTC tienen un potencial metastásico 
entre 23 y 50 veces mayor que las CTC individuales. De hecho, 
se estima que los clústeres de CTC son los responsables de la 
formación de la mayoría de las metástasis y su presencia en 
muestras de biopsia líquida se correlaciona con un pronóstico 
adverso. 
La mayor supervivencia y resistencia a anoikis (muerte 
celular por ausencia de anclaje) de los clústeres de CTC en el 
torrente sanguíneo, su menor incidencia de apoptosis en la 
localización secundaria y la expresión de marcadores de tipo 
"stem" son algunos de los factores que explican parcialmente el 
mayor potencial metastásico de los clústeres de CTC. Además, la 
enumeración de clústeres de CTC constituye un factor pronóstico 
independiente, que proporciona información adicional al recuento 
de CTC individuales por sí solo. A pesar de la gran relevancia de 
los clústeres de CTC en el proceso de progresión tumoral y 
formación de metástasis, existe un conocimiento limitado sobre 
su origen, su biología o sobre las características fenotípicas que 
los hacen más metastásicos que las CTC individuales. Esto se 
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debe a su baja frecuencia en sangre, así como a la capacidad 
limitada de las tecnologías de aislamiento actuales para 
identificar y aislar los clústeres de CTC sin alterar su integridad 
física, lo que restringe significativamente la cantidad de material 
biológico inicial. Por tanto, se genera la necesidad de desarrollar 
herramientas alternativas que contribuyan a superar estas 
limitaciones. En este sentido, la generación in vitro de modelos 
de clústeres de CTC permite incrementar la cantidad de material 
biológico disponible para su estudio. 
El objetivo principal de la presente tesis doctoral es realizar 
un estudio comparativo entre las CTC individuales y los clústeres 
de CTC, con el fin de profundizar en la biología de los clústeres 
de CTC, determinar las características diferenciales que les 
aportan un mayor potencial metastásico y, en última instancia, 
contribuir a determinar su papel durante la progresión tumoral y 
la formación de metástasis. Para alcanzar este objetivo, se realizó 
el aislamiento de CTC individuales y clústeres de CTC a partir de 
muestras de biopsia líquida de pacientes con cáncer de mama 
metastásico, se evaluó la capacidad pronóstica de las CTC 
individuales y de los clústeres de CTC y se optimizaron las 
condiciones de aislamiento inmuno-independiente de los 
clústeres de CTC a partir de diferentes tipos de muestras 
biológicas (biopsia líquida, productos DLA). Además, se 
desarrollaron modelos in vitro de CTC individuales y clústeres de 
CTC, utilizando líneas celulares humanas de cáncer de mama y, 
finalmente, se llevó a cabo la caracterización, tanto funcional 
como molecular, de los modelos de CTC individuales y clústeres 
de CTC para comprobar su idoneidad y su potencial como 
herramienta para el estudio de la biología de los clústeres de CTC. 
Con el fin de evaluar la capacidad pronóstica de los clústeres 
de CTC, se recolectaron muestras de sangre periférica de una 
cohorte de pacientes (N = 54) con diferentes subtipos de cáncer 
de mama metastásico. Se tomaron muestras en diferentes 
momentos de la enfermedad, en el momento basal, previo al inicio 
del tratamiento quimioterápico, y en el momento de progresión a 
este. Las muestras de biopsia líquida se utilizaron para el recuento 




CellSearch®. Este recuento nos permitió confirmar que en el 
momento basal la enumeración de los clústeres de CTC 
constituye un factor pronóstico independiente que aporta valor 
informativo adicional al recuento de CTC individuales, 
particularmente en pacientes con elevados recuentos de CTC 
individuales. Además, la presencia continuada a lo largo del 
tratamiento de clústeres de CTC en la sangre periférica de los 
pacientes se asocia con un pronóstico adverso, ya que se 
correlaciona con una reducción de la supervivencia. 
La detección de aquellas CTC de fenotipo epitelial que 
expresan EpCAM, la incapacidad de recuperar las CTCs 
detectadas en un estado viable, así como el hecho de tratarse de 
un sistema que no permite la optimización de protocolos para el 
aislamiento de clústeres de CTC, son algunas de las principales 
limitaciones del CellSearch®, así como de otros sistemas de 
enriquecimiento inmuno-dependientes. Para superar esta 
limitación, llevamos a cabo la detección inmuno-independiente 
de CTC y especialmente de clústeres de CTC, a partir de muestras 
de sangre periférica derivadas de pacientes con cáncer de mama 
metastásico. El procesamiento se realizó en el sistema 
microfluídico ParsortixTM, aplicando un protocolo de separación 
con menor flujo y menor presión, especialmente diseñado para 
preservar la integridad de los clústeres de CTC. Además, la 
optimización de una inmunotinción sobre célula viva hizo posible 
identificar tanto CTC individuales, como de clústeres de CTC en 
estas muestras. La optimización de este flujo de trabajo posibilita 
la recuperación de CTC viables que pueden ser utilizadas 
posteriormente para diferentes análisis que requieran de células 
vivas, como el cultivo in vitro o análisis transcipcionales a nivel 
de célula única. Esta metodología posibilita la realización de un 
estudio más detallado de la biología de las CTC y de los clústeres 
de CTC, lo que permitirá una comprensión más profunda del 
proceso de metástasis. 
Adicionalmente y con el propósito de maximizar la 
frecuencia de detección de CTC y de clústeres de CTC, también 
se testó el posible uso de muestras de DLA para el aislamiento de 
CTC y de clústeres de CTC en el ParsortixTM. La optimización de 
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los parámetros más relevantes del flujo de trabajo, como la 
filtración previa de la muestra o la selección del protocolo de 
separación más apropiado, nos permitió identificar, aislar y 
recuperar tanto CTC individuales, como clústeres de CTC. A 
pesar de su elevada celularidad, ha sido posible demostrar que es 
factible utilizar muestras de DLA para el aislamiento de clústeres 
de CTC. Aunque será necesaria la realización de pruebas 
adicionales, los datos indican que los productos de DLA 
constituyen un tipo de muestra con gran potencial para 
incrementar la capacidad de detectar clústeres de CTC, 
contribuyendo a superar la limitación de la baja frecuencia de 
clústeres de CTC en muestras de sangre periférica (7,5 mL).  
Por otra parte, se han desarrollado modelos in vitro de CTC 
individuales y clústeres de CTC, mediante el uso de líneas 
celulares humanas de cáncer de mama. Se utilizaron dos líneas 
celulares diferentes, cada una perteneciente a un subtipo de cáncer 
de mama distinto y con diferentes características fenotípicas. Los 
modelos de CTC son recursos alternativos adecuados para 
superar la limitación de la baja frecuencia de CTC y 
especialmente de clústeres de CTC en la sangre de los pacientes. 
Tras su generación, estos modelos fueron caracterizados 
funcional y molecularmente, con el fin de comprobar su 
idoneidad. Se diseñaron diferentes ensayos funcionales in vitro 
para simular las distintas etapas del proceso de metástasis. Los 
datos obtenidos con los ensayos in vitro fueron respaldados 
mediante ensayos funcionales in vivo, realizados en embriones de 
pez cebra (Danio rerio) y en modelos murinos (Mus musculus). 
La caracterización funcional in vitro y en ratón mostró que los 
modelos de clústeres de CTC tienen mayor capacidad de 
migración, invasión, supervivencia en circulación, formación de 
colonias y mayor capacidad de colonización para generar lesiones 
metastásicas, en comparación con el modelo de CTC 
individuales. Además, en los peces inyectados con el modelo de 
clústeres de CTC se observó una menor diseminación celular 
hacia la cola pero una mayor capacidad de supervivencia y 
proliferación de las células diseminadas en comparación con los 
inyectados con CTC individuales, lo que sugiere una mayor 




circulación de los peces. Estos resultados están respaldados por la 
caracterización molecular, la cual mostró que las células 
diseminadas en peces inyectados con el modelo de clústeres de 
CTC poseen mayor expresión de genes de tipo ‘stem’ (CD44, 
ITGA6), genes relacionados con la regulación del ciclo celular y 
con proliferación (CDK4, E2F4) y mayor expresión del gen de 
supervivencia PLAU, en comparación con las células 
diseminadas en peces inyectados con CTC individuales. 
Asimismo, también se observó una menor expresión del gen pro-
apoptótico BAX en células diseminadas en los xenotrasplantes de 
clústeres de CTC. No solo existe una concordancia entre las 
observaciones funcionales y moleculares, sino que estos 
resultados también están respaldados por observaciones 
publicadas en la literatura, donde se sugiere una mayor capacidad 
de supervivencia de los clústeres de CTC para explicar 
parcialmente su mayor potencial metastásico. Consecuentemente, 
el modelo de clústeres de CTC generado a partir de líneas 
celulares de cáncer de mama es representativo de las 
características fenotípicas de los clústeres de CTC aislados de la 
sangre de paciente, siendo una herramienta útil para el estudio de 
su biología. 
El uso de un modelo ortotópico murino de cáncer de mama 
metastásico humano, de subtipo triple negativo, permitió 
monitorizar el proceso de progresión tumoral completo, desde la 
formación del tumor primario hasta la aparición de metástasis en 
un sistema biológico complejo. Este modelo también permitió 
capturar y aislar CTC y clústeres de CTC, a partir de muestras de 
sangre obtenidas por punción cardíaca. El procesamiento de estas 
muestras en el sistema de microfluídica ParsortixTM y el posterior 
recuento del número de células aisladas nos permitió corroborar 
que los clústeres de CTC son una población minoritaria. 
Específicamente, los clústeres de CTC representaron 
aproximadamente el 12,7% de todas las CTC en este modelo. El 
procesamiento de muestras de sangre derivadas de este modelo 
ortotópico mediante un kit de enriquecimiento negativo permitió 
el aislamiento de CTC vivas que posteriormente fueron puestas 
en cultivo in vitro. Esta línea derivada de las CTC del modelo 
murino, denominada mCTC, crece in vitro en condiciones de baja 
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adherencia, en forma de pequeños agregados celulares, por lo que 
potencialmente podría constituir un modelo de clústeres de CTC 
más realista, desde un punto de vista fisiológico. La 
caracterización funcional de la línea mCTC indica que esta línea 
posee una mayor resistencia al estrés fluídico in vitro, así como 
una mayor capacidad de diseminación y supervivencia en el pez 
cebra, en comparación con el modelo in vitro de clústeres de 
CTC. Los datos transcriptómicos preliminares (RNAseq) 
muestran la existencia de genes diferencialmente expresados 
entre la línea mCTC y las células control. Aunque será necesaria 
una validación posterior, algunos de estos genes podrían estar 
implicados en las características metastásicas de la línea mCTC. 
Por lo tanto, la línea mCTC tiene un alto potencial como modelo 
de clústeres de CTC fisiológicamente más realista, aunque se 
necesitará una caracterización más completa para confirmar esta 
hipótesis. Además, las células detectadas, tanto CTC individuales 
como clústeres de CTC, fueron recuperadas y posteriormente 
empleadas para la realización de estudios genómicos de célula 
individual, con el fin de estudiar el perfil mutacional de las CTC 
y de los clústeres de CTC. Los datos genómicos preliminares 
mostraron que es posible inferir mutaciones a partir de CTC 
individuales y de clústeres de CTC y que los clústeres de CTC 
parecen poseer una mayor variabilidad genética que las CTC 
individuales, mostrando SNV (Single Nucleotide Variants) 
específicas que no existen en las CTC individuales. Estos 
resultados podrían contribuir a explicar la policlonalidad de los 
clústeres de CTC y a entender su mayor potencial metastásico. 
Sin embargo, serán necesarios estudios adicionales para 
identificar los rasgos genómicos de las CTC y los clústeres de 
CTC responsables de la generación de metástasis. 
Los clústeres de CTC desempeñan un papel clave en la 
diseminación tumoral, ya que son los responsables de la 
formación de la mayoría de las metástasis. En conjunto, el 
presente proyecto confirma la relevancia clínica y el valor 
pronóstico de los clústeres de CTC y, por lo tanto, de la biopsia 
líquida, en una cohorte no seleccionada de pacientes con cáncer 
de mama metastásico. A pesar de su baja frecuencia en sangre, el 




a la enumeración de CTC individuales por sí sola. Además, la 
optimización de las condiciones de enriquecimiento de CTC en 
sistemas de aislamiento inmuno-independientes, así como el uso 
de muestras de biopsia líquida alternativas a 7,5 mL de sangre 
periférica, como los productos DLA, no solo pueden maximizar 
la capacidad de detección de CTC y clústeres de CTC, si no que 
permiten potencialmente la identificación de una mayor 
heterogeneidad en las CTC, representando de forma más realista 
la población de CTC presentes en la sangre de los pacientes. Por 
otro lado, los modelos de clústeres de CTC desarrollados en el 
presente proyecto recapitulan de manera fidedigna las 
características fenotípicas de los clústeres de CTC aislados de 
pacientes con cáncer de mama. Por tanto, constituyen 
herramientas con gran potencial para el estudio de su biología. La 
combinación de las diferentes herramientas y recursos 
desarrollados en este proyecto de tesis pueden contribuir a superar 
las limitaciones impuestas por la baja frecuencia de clústeres de 
CTC en la sangre de los pacientes e incrementan la disponibilidad 
de muestra inicial, lo que posibilita un mayor estudio y 
comprensión sobre el papel de los clústeres de CTC durante la 
progresión tumoral y la formación de metástasis. Este 
conocimiento es esencial para impulsar el avance de la medicina 
personalizada y la oncología de precisión. 
  






















The term ‘cancer’ includes a group of genetically complex 
diseases. Breast cancer (BC) is the most common type of 
malignancy in women and is the second leading cause of cancer-
related deaths, after lung and bronchus cancer. Although there are 
different known genetic and environmental factors that increase 
the risk of developing BC, the aetiology of most BC cases is still 
unknown. BC is a heterogeneous group of diseases, which show 
differences in terms of incidence, prognosis, progression, or 
response to therapy. There are four different subtypes of BC, 
based on the molecular diagnosis, according to their expression 
of the progesterone receptor (PR), estrogen receptor (ER) and 
epidermal growth factor receptor 2 (HER2): luminal A 
(PR+/ER+/HER2-), luminal B (PR+/-/ER+/HER2+/-), HER2 
overexpression (PR-/ER-/HER2+), and 'basal-like' or triple-
negative (PR-/ER-/HER2-). 
The majority of cancer-related deaths are due to the 
development of a disseminated state or metastasis. Metastasis is 
a process by which tumour cells spread to secondary locations far 
away from the primary tumour, hence becoming a systemic 
disease. Metastasis is a complex, multi-step process that includes 
different steps: migration and invasion from the primary tumour, 
intravasation, survival into the bloodstream, extravasation in a 
secondary site, survival and proliferation generating a new 
tumour lesion or metastasis. Despite the great advances made in 
the prevention, diagnosis and treatment of BC, metastasis remains 
an incurable disease. In fact, between 5% and 10% of patients will 
show metastasis at the time of diagnosis, and approximately 30% 
of BC patients will eventually progress to a disseminated state of 
the disease throughout treatment. Therefore, increasing 
knowledge and understanding about the metastatic process is 
essential to improve patient care. In this context, circulating 
tumour cells (CTCs) play an essential role, as they are the 
responsible for the formation of metastases. CTCs are those 
tumour cells that are released into the bloodstream from the 
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primary tumour (breast cancer) or the pre-existing metastatic 
lesions. CTCs can travel into the bloodstream as individual cells, 
or as small oligoclonal group of cells, called CTC clusters. CTCs, 
both individual and CTC clusters, can be detected from peripheral 
blood samples or ‘liquid biopsies’. In contrast to conventional 
tissue biopsies (or ‘solid biopsies’), ‘liquid biopsy’ is a minimally 
invasive technique that provides up-to-date, real-time information 
about the progression status of the tumour. It is possible to detect 
and study CTCs present in liquid biopsy samples due to the 
development and improvement of CTC enrichment and isolation 
technologies. The different CTCs enrichment methodologies are 
classified into two different groups: i) enrichment based on 
biological properties; ii) enrichment based on physical properties. 
CTC enrichment systems based on biological properties are 
based on the use of antibodies for the detection of different 
markers. These markers can be expressed by CTCs (positive 
enrichment) or by the rest of the cells in the sample but not by 
CTCs (negative enrichment). Among the enrichment systems 
based on biological characteristics, the CellSearch® is one of the 
most used. CellSearch® is based on the expression of the EpCAM 
(Epithelial Cell Adhesion Molecule) antigen for the identification 
of CTCs. CellSearch® is the only system approved by the FDA 
(Food and Drug Administration) for clinical use in breast, 
prostate, and colorectal cancer. Despite its utility, EpCAM-based 
detection of CTCs only allows the detection of epithelial CTCs, 
losing those CTCs with mesenchymal (or stem-like) traits. 
Moreover, CellSearch® does not allow the recovery of CTCs in a 
viable state, hence restricting the variety of downstream analyses. 
These limitations have led to the development of isolation 
systems based on physical properties and therefore independent 
of the expression of markers by CTCs. These immune-
independent systems have the potential ability to identify a 
phenotypically more heterogeneous population of CTCs. These 
methodologies are based on different physical properties, such as 
density (density gradient), size (microfiltration), size and 
deformability (microfluidic), electrical properties 
(dielectrophoresis). For instance, diagnostic leukapheresis (DLA) 




CTCs. DLA is a standard procedure used in the clinical setting 
for the isolation of mononuclear cells by continuous 
centrifugation of blood. It was recently proposed that CTCs can 
be co-isolated together with mononuclear cells during continuous 
centrifugation, as they have similar densities. Besides, DLA 
products derive from large volumes of blood, maximizing the 
likelihood of CTC detection, in comparison with peripheral blood 
samples. 
Microfluidic systems allow the detection of CTCs based on 
their larger size and lower deformability compared to the rest of 
the blood cells. Microfluidic devices are nowadays one of the 
most used, as they perform multiple steps within a chip (‘lab on a 
chip’), allowing continuous processing that minimizes sample 
loss during the process. ParsortixTM is a semi-automated 
microfluidic system capable of capturing CTCs in different types 
of samples (peripheral blood, ascites, bone marrow). It is a cost-
effective, versatile, and simple system that allows the recovery of 
the isolated CTCs in a viable for later in vitro culture, or 
transcriptomic characterization, among others. 
The essential information that can be obtained from a liquid 
biopsy sample (approximately 7.5 mL of peripheral blood) is the 
CTC count. Despite being a seemingly simple parameter to 
determine, the CTC enumeration has great prognostic value. In 
fact, it was established that the detection of ≥5CTCs/7.5 mL of 
peripheral blood by CellSearch® is a negative prognostic factor in 
BC patients, whereas those patients with <5CTCs/7.5 mL show a 
favourable prognosis. Therefore, CTCs constitute an essential and 
high-potential tool to drive the development of a personalized 
medicine and to track tumour progression during therapy. 
On the other hand, CTC clusters are a minority 
subpopulation, as they only represent between 1% and 30% of all 
CTCs. Despite their low frequency in blood, CTC clusters have a 
metastatic potential between 23 and 50 times greater than 
individual CTCs. In fact, it is believed that CTC clusters are 
responsible for the majority of metastases, and their presence in 
liquid biopsy samples correlate with an adverse prognosis. 
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Their greater survival and resistance to anoikis (cell death 
due to the lack of anchorage signals) into the bloodstream, their 
lower incidence of apoptosis at the secondary location, and the 
expression of ‘stem-like’ markers are some of the factors that 
partially explain the higher metastatic potential of CTC clusters. 
Additionally, the enumeration of CTC clusters is an independent 
prognostic factor that provides additional information to the 
CTCs count alone. Despite the great relevance of CTC clusters in 
the process of tumour progression and metastasis formation, there 
is limited knowledge about their origin, their biology, or about the 
phenotypic traits that make them more metastatic than individual 
CTCs. This is due to their low frequency in the blood, as well as 
the limited ability of current isolation technologies to identify and 
isolate CTC clusters without altering their physical integrity, 
which restricts the amount of starting biological material for their 
study. Hence, this generates the necessity of developing 
alternative tools to overcome these limitations. In this sense, the 
generation of in vitro CTC cluster models may permit to increase 
the amount of biological material available for their study. 
The main objective of this doctoral thesis is to conduct a 
comparative study between individual CTCs and CTC clusters, in 
order to further study the biology of CTC clusters, to determine 
the differential characteristics that provide them with greater 
metastatic potential, and ultimately to seek the role of CTC 
clusters during tumour progression and metastasis formation. To 
fulfil this purpose, the isolation of individual CTCs and CTC 
clusters from liquid biopsy samples derived from metastatic BC 
patients was performed, the prognostic capacity of individual 
CTCs and CTC clusters was assessed, and the immune-
independent isolation conditions of CTC clusters using different 
biological samples (liquid biopsy, DLA products) was optimized. 
In addition, experimental models of individual CTCs and CTC 
clusters were developed using human BC cell lines, and finally, a 
functional and molecular characterization of the individual CTCs 
and CTC cluster models were performed to test their suitability 





To assess the prognostic capacity of CTC clusters, peripheral 
blood samples were collected from a cohort of patients (N = 54) 
with different metastatic BC subtypes. Blood samples were taken 
at different times of the disease, at baseline, previously to the start 
of the chemotherapy, and at the moment of progression. Liquid 
biopsy samples were used for individual CTC and CTC cluster 
enumeration using the CellSearch® system. This enumeration 
allowed us to confirm that the enumeration of CTC clusters is an 
independent prognostic factor at baseline that adds value to the 
count of individual CTCs, particularly in patients with high 
counts of individual CTCs. Moreover, the continued presence of 
CTC clusters in the peripheral blood of patients, was associated 
with an adverse prognosis, as it correlated with a shorter survival. 
Some of the major limitations of the CellSearch®, as well as 
the other immune-dependent enrichment systems, are the 
detection of those epithelial CTCs that express EpCAM, the 
inability to recover CTCs in a viable state, as well as the inability 
to optimize protocols for CTC cluster isolation in the 
CellSearch®. To overcome these limitations, we performed the 
immune-independent detection of CTCs and especially CTC 
clusters from peripheral blood samples derived from patients with 
metastatic BC. The detection of CTC was performed using the 
ParsortixTM system. Furthermore, a separation protocol with a 
lower flow rate and lower pressure was used. This protocol was 
specially designed to preserve the integrity of CTC clusters. 
Besides, the optimization of a live cell immunostaining made it 
possible to identify both individual CTCs and CTC clusters in 
these samples. This workflow allowed the recovery of CTCs in a 
viable state that could be later used for different analyses that 
require alive cells, such as in vitro culture, or single-cell 
transcriptomic analysis. Hence, this workflow enables a deeper 
study of the biology of CTCs and CTC clusters, allowing a better 
understanding of the metastasis process. 
With the purpose of maximizing the frequency of detection 
of CTCs and especially CTC clusters, we evaluated the feasibility 
of using DLA samples for the isolation of CTCs and CTC clusters 
in the ParsortixTM. The optimization of the most relevant steps of 
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the workflow, such as pre-filtering the sample or selecting the 
most appropriate separation protocol, allowed us to identify, 
isolate, and recover both individual CTCs and CTC clusters. 
Despite the high cellularity of DLA samples, we demonstrated 
that it is feasible to use DLA products for the isolation of CTC 
clusters. Although further assays will be required, our data 
indicated that DLA products constitute a type of sample with 
great potential to increase the likelihood of CTC cluster detection. 
This will help overcome the limitation of the low frequency of 
CTC clusters in conventional peripheral blood samples (7.5 mL). 
On the other hand, we developed in vitro models of 
individual CTCs and CTC clusters by using human BC cell lines. 
Two different cell lines were used, each one belonging to a 
different BC subtype and with different phenotypic traits. CTC 
models are a suitable alternative to overcome the limitation of the 
low frequency of CTCs and especially of CTC clusters in the 
blood of patients. After their generation, these models were 
functionally and molecularly characterized to test their suitability. 
In vitro functional assays were designed to mimic different steps 
of the metastatic process. The results obtained with the in vitro 
assays were confirmed by in vivo functional assays, performed in 
zebrafish embryos (Danio rerio) and murine models (Mus 
musculus). Functional characterization in vitro and in mice 
showed that CTC cluster models had higher migration, invasion, 
survival into the bloodstream, ability to form colonies and higher 
colonization capacity to generate metastatic lesions, compared to 
the model of individual CTCs. In addition, in zebrafish 
experiments, it was observed that those fish injected with the CTC 
clusters showed lower cell dissemination, but higher survival and 
proliferation of the disseminated cells compared to the xenografts 
injected with individual CTCs, suggesting a higher survival 
capacity of CTC clusters in the circulation of the fish. These 
results were supported by molecular characterization, which 
showed that disseminated cells in those fish injected with CTC 
clusters had a higher expression of stem-like genes (CD44, 
ITGA6), genes related to cell cycle regulation and proliferation 
(CDK4, E2F4) and higher expression of the PLAU survival gene, 




individual CTCs. Consistently, lower expression of the pro-
apoptotic BAX gene was also observed in cells disseminated in 
the CTC cluster xenografts. Besides the concordance observed 
between functional and molecular results, these data are also 
supported by the findings reported in the literature, where a 
potential greater survival of CTC clusters was suggested to 
partially explain their higher metastatic potential. Consequently, 
this CTC cluster model generated from BC cell lines reliably 
represents the phenotypic traits of CTC clusters isolated from the 
blood of patients, being a useful tool for the study of their biology. 
The use of a murine orthotopic model of human TNBC 
allowed us to track the entire process of tumour progression in a 
complex biological system, from the formation of the primary 
tumour to the onset of metastases. This model also allowed us to 
obtain CTCs and CTC clusters from blood samples collected by 
cardiac puncture. Blood samples were processed in the 
ParsortixTM system. The subsequent counting of the number of 
isolated cells corroborated that CTC clusters were a minority 
population. Specifically, in this model CTC clusters accounted 
for approximately 12.7% of all CTCs. The enrichment of CTCs 
using a negative enrichment kit enabled the isolation of alive 
CTCs that were later put in culture. This cell line derived from 
the CTCs of the murine model, named ‘mCTC’, grows in vitro 
under low attachment conditions as small cellular aggregates. 
Thus, it could potentially be a more realistic CTC cluster model, 
from a physiological point of view. Functional characterization of 
the mCTC cell line evinced that it had higher resistance to fluid 
stress in vitro, as well as a greater capacity for dissemination and 
survival in the zebrafish, compared to the cluster model of CTCs. 
Preliminary transcriptomic data (RNAseq) showed the existence 
of differentially expressed genes between the mCTC line and the 
control cells. Although further validation will be required, some 
of these genes could potentially be implicated in the metastatic 
characteristics of the mCTC cell line. Therefore, the mCTC line 
has high potential as a more physiologically realistic model of 
CTC clusters, although a deeper characterization will be needed 
to confirm this hypothesis. Moreover, harvested cells from the 
ParsortixTM were used to perform genomic studies at a single-cell 
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level to evaluate the mutational profile of single CTCs and CTC 
clusters. Preliminary genomic data showed that it was possible to 
infer mutations from single CTCs and CTC clusters and that CTC 
clusters seemed to have a higher genetic variability than 
individual CTCs, showing specific SNVs (Single Nucleotide 
Variants) that were not found in individual CTCs. These results 
could help to explain the possible polyclonal origin of CTC 
clusters and to better understand their higher metastatic potential. 
However, further studies will be required to identify the genomic 
traits of those CTCs and CTC clusters responsible for the seeding 
of metastasis. 
CTCs clusters play a key role in tumour dissemination, as 
they are responsible for the formation of the majority of 
metastases. Taken together, this project confirmed the clinical 
relevance and the prognostic value of CTC clusters and of liquid 
biopsy in an unselected cohort of patients with metastatic BC. 
Despite their low frequency in blood, the enumeration of CTC 
clusters provided additional and valuable information to the 
enumeration of individual CTCs alone. Furthermore, the 
optimization of CTC and especially CTC cluster enrichment 
conditions in the ParsortixTM, as well as the use of liquid biopsy 
samples, such as DLA products, as alternatives to 7.5 mL of 
peripheral blood samples not only could maximize the detection 
capacity of CTCs and CTC clusters but also could increase the 
ability to detect a higher heterogeneity within isolated CTCs. This 
greater variability would provide a more realistic landscape of the 
CTC population existing in the blood of BC patients. On the other 
hand, the CTC cluster models developed in this project 
recapitulated the phenotypic features of CTC clusters isolated 
from BC patients. Therefore, these models are tools with 
enormous potential for the study of their biology. The 
combination of the different tools and resources presented in this 
thesis project can contribute to overcome the restrictions derived 
from the low frequency of CTC clusters in the blood of patients 
and would increase the availability of tumour material, which 
would allow a deeper understanding of the role of CTC clusters 




knowledge is essential to prompt the advance of personalized 
medicine and precision oncology. 
 
  


















1. BREAST CANCER 
1.1. Epidemiology and aetiology  
Breast cancer (BC) corresponds to the tumour with the 
highest incidence rate, and it is the second leading cause of 
cancer-related deaths in women, after lung and bronchus cancer 
1. With more than 2 million new cases of BC diagnosed per year 
worldwide 2, it currently represents about 30% of all female 
cancers 2. The relevant advances in prevention, early diagnosis 
and treatment allowed the sustention of a declining trend in the 
BC death rate since 1989 1. Nevertheless, it is estimated that 
approximately 627,000 women died from BC during the year 
2018, which is equivalent to 15% of all female cancer deaths 
(WHO) 3.  
Taking into consideration that breast carcinoma is a 
genetically complex disease, several environmental factors have 
been reported to be associated with an increased risk of 
developing BC. These risk factors comprise female gender, 
increased patient age, early menarche age, late menopause, late 
age at first childbirth, familial occurrence of BC at a young age, 
increased mammographic breast density, presence of benign 
breast disease, exposure to chest radiation, hormonal and alcohol 
intake as well as obesity 3–5. Furthermore, it was widely 
demonstrated that genetic mutations, such as mutations in BRCA1 
and BRCA2 genes are associated with an increased risk of BC. 
Nevertheless, they only represent a minority of BC cases 6. This 
biological complexity contributes to explain the fact that the 
aetiology in the majority of BC cases is unknown. 
BC is a highly heterogeneous group of diseases, which 
involves various BC subtypes with phenotypic differences. 
Consequently, there are variations in terms of incidence, 
prognosis, progression and response to therapy between them 7–9. 
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Conventionally, BC subtypes were determined by using classical 
immunohistochemistry (IHC) based on different biomarkers, 
such as estrogen receptor (ER), progesterone receptor (PR) and 
human epidermal growth factor receptor 2 (HER2), combined 
with classic clinical and histopathological parameters, which 
include cell proliferation index (Ki67), tumour size, tumour grade 
and nodal involvement. These criteria are usually used in the 
clinic for patient prognosis and management 10. 
1.2. Subclassification of BC tumours 
Clinically, the tumour IHC status stratifies BC tumours into 
three main groups: luminal, HER2 overexpression subtype and 
triple-negative breast cancer (TNBC) 8. Nevertheless, with the 
development of the molecular techniques and the tissue 
microarray technology at the beginning of the XXI century, it was 
possible to apply gene expression profiling (GEP) to assess BC 
heterogeneity in a more accurate manner 9,10. One example of the 
combined approach of IHC status and GEP was the study 
performed by Sørlie and colleagues in 2001, in which they 
described a ‘molecular portrait’ of BC by using 456 cDNA 
clones. According to their research, BC tumours were classified 
into five subtypes with diverse clinical outcomes: luminal A, 
luminal B, HER2 overexpression, basal (or TNBC) and normal-
like tumours 11. Each subtype proposed by Sørlie was associated 
with a specific IHC status, except for normal-like, which shares 
IHC status with luminal A differing only in their expression 
pattern, with the normal-like resembling the normal breast 
profiling 10. For this reason, the results of Sørlie set the standard 
for BC tumour stratification. Nevertheless, there are alternative 
classifications, such as the one proposed by Fan and colleagues, 
who classified BC in 4 different categories, where the normal-like 
subtype was not identified according to Sørlie’s results 10. 
The luminal group is divided into two different subtypes, 
luminal A and luminal B. Luminal A is positive for both ER and 
PR but negative for HER2 marker. It also has a low proliferation 
index (Ki67 < 14%). On the other hand, luminal B is characterised 




expression of Ki67 (≥ 14%). The luminal group is the most 
frequent subtype of BC and it is associated with a good prognosis 
12,13. The HER2 overexpression subtype shows the negative 
expression of hormonal receptors, high expression of HER2 as 
well as high proliferation level (Ki67 ≥ 14%)7. Basal like or 
TNBC is characterised by the absence of hormonal receptors and 
HER2 expression and it shows an elevated expression of Ki67 (≥ 
14%). TNBC is a highly aggressive BC subtype, and it lacks a 
specific treatment. Therefore, TNBC is linked to an adverse 
disease outcome 14 (table 1). 
Table 1. BC subtype classification according to IHC status. 




(or TNBC)  IHC status 
ER +++ + - - 
PR ++ (>20%) +/- - - 




High (>14%) High High 
Outcome Good Intermediate Poor Poor 
Abbreviations: IHC immunohistochemistry; ER Estrogen Receptor; PR 
Progesterone Receptor; HER2 Human Epidermal growth factor Receptor 
2. 
 
1.3. BC stages 
The Tumour-Node-Metastasis (TNM) staging system is the 
most effective method to divide tumour progression into different 
categories of clinical usefulness for patient treatment 
recommendations and prognosis, although there are several other 
cancer-staging approaches currently available 15. The TNM 
system was originally proposed by Pierre Denoix in 1943-1952 
and, in 1958 the first recommendations of breast and larynx 
cancer staging were published 16. Afterwards, since the origin of 
the American Joined Committee on Cancer (AJCC) in 1977, it 
has been developed a staging system grounded in the TNM 
method. The staging approach suggested by AJCC has evolved 
throughout time, updating this system as new knowledge 
regarding cancer-staging and prognostic factors are published 17. 
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TNM cancer-staging system is based on anatomic traits, such 
as tumour size (T), nodal status (N) and metastases (M) 17. The 
TNM staging method classifies the primary tumour (T) in 
different categories (TX, Tis, T0-T4), according to the existence, 
size and extent of the primary tumour. The lymph node status (N) 
is divided into five groups (NX, N0-N3), determined by the 
presence and the regional extent of nodal invasion. The metastatic 
state (M) is subdivided into two categories, M0 and M1, which 
represent the presence or absence of metastatic lesions, 
respectively 18,19 (table 2). 
Table 2. TNM status (based on AJCC Cancer Staging Manual).  
Primary Tumour (P) 
TX Primary tumour cannot be assessed 
T0 No evidence of primary tumour 
Tis 
Carcinoma in situ (early cancer that has not spread to neighbouring 
tissue) 
T1 Tumour ≤ 20mm in greatest dimension 
T2 Tumour > 20mm but ≤ 50mm in greatest dimension 
T3 Tumour > 50mm in greatest dimension 
T4 
Tumour of any size with direct extension to the chest wall and/or 
to the skin (ulceration or macroscopic nodules); invasion of the 
dermis alone does not qualify as T4 
Lymph Nodes (N) 
NX Regional lymph nodes cannot be evaluated 
N0 No regional lymph node involvement  
N1 
Metastases to movable ipsilateral level I (low-axilla) and II (mid-
axilla) axillary lymph node(s) 
N2 
• Metastases in ipsilateral level I (low-axilla) and II (mid-
axilla) axillary lymph nodes that are clinically fixed or 
matted 
… or … 
• Metastases in ipsilateral internal mammary lymph nodes 
in the absence of axillary lymph node metastases 
N3 
• Metastases in ipsilateral infraclavicular (level III axillary) 
lymph node(s) with or without level I (low-axilla) and II 
(mid-axilla) axillary lymph node involvement 
… or … 
• Metastases in ipsilateral internal mammary lymph node(s) 
with level I (low-axilla) and II (mid-axilla) axillary lymph 
node metastases 




• Metastases in ipsilateral supraclavicular lymph node(s) 
with or without axillary or internal mammary lymph node 
involvement 
Metastases (M) 
M0 No distant metastasis 
M1 Distant metastasis detected 
 
In 2017, it was published the 8th Edition of the AJCC TNM 
classification of malignant tumours, which maintains its basis on 
the traditional TNM system but it incorporates biomarkers into 
the anatomical cancer-staging method, such as ER, PR, HER2, 
histologic grade and commercial multigene assays 17,19. In the 8th 
edition of AJCC Staging Manual, patients are clinically classified 
by the classical TNM anatomic system as well as by the 
information provided by the biomarkers. This information 
generates a Clinical Prognostic Stage Group, which should be 
determined by initial assessment before any systemic therapy.  
 
2. METASTASIS 
Metastasis is a complex and multi-step process by which new 
tumour lesions are generated in locations far from the primary 
tumour, hence becoming a systemic disease 20. Metastasis is 
responsible for 90% of all cancer-related deaths 21. Despite the 
relevant advances that have been made in prevention, diagnosis 
and treatment, BC metastasis continues to be an incurable disease. 
In fact, between 5% and 10% of BC patients show metastasis at 
the time of diagnosis and about 30% of all BC patients will 
develop metastasis throughout the time of treatment 22. 
 The metastatic process can be divided into different stages 
of development: individual or collective migration and invasion; 
intravasation and survival into the bloodstream; extravasation; 
colonization, survival and growth in a distant tissue/organ 
(secondary site) 23 (figure 1). 
 





Figure 1. Overview of the multiple steps of the metastatic cascade. 
2.1. Migration and Invasion 
The metastatic cascade starts with the migration of tumour 
cells and the invasion of surrounding tissues. The migration step 
could be performed as single-cell migration or as a collective 
migration process, if a group of connected cells move together 
fronted by a small number of leader cells 24. This step involves 
the modification of cell-cell interactions, as well as the interaction 
between tumour cells and the extracellular matrix (ECM) 25,26. 
Cadherins are a group of proteins that play an important role 
in mediating cell-cell adhesion 27,28. It has been largely 
demonstrated that alterations in the expression levels and 
expression patterns of cadherins occur during tumour spread 27. 
For instance, E-cadherin mediates cell to cell adhesion and is 
responsible for keeping the polarity and the integrity of epithelial 
cells 29,30. It has been shown that the downregulation of E-
cadherin not only reduces the adhesion between epithelial cells, 
increasing cell motility, but also can activate diverse signalling 




and invasive phenotype, such as E-cadherin/β-catenin/T cell 
factor (TCF)/lymphocyte enhanced factor (LEF) pathway, which 
activates downstream transcription factors implicated in cancer 
progression. This can enhance the ability of tumour cells to cross 
the basement membrane 30. Nevertheless, the role of E-cadherin 
in BC metastasis is highly complex. In fact, it has been observed 
that E-cadherin promotes metastasis in different preclinical 
models of carcinoma. A study performed by Padmanaban and 
colleagues showed that the loss of E-cadherin not only increased 
invasion but also reduced tumour cell proliferation, cell survival, 
circulating tumour cell number, seeding of cancer cells in distant 
organs and metastasis development 31. 
On the other hand, N-cadherin is not expressed in normal 
epithelial cells and its expression is associated with a 
mesenchymal phenotype 32. N-cadherin promotes the activation 
of different downstream signalling pathways, like PLCγ, PI3K 
and MAPK. These signalling pathways boost the detachment of 
tumour cells as well as their ability to migrate and invade. The 
upregulation of N-cadherin together with the downregulation of 
E-cadherin is a relevant event related to the Epithelial to 
Mesenchymal Transition (EMT). EMT is the process by which 
epithelial cells lose their epithelial traits, acquiring a more 
undifferentiated mesenchymal-like phenotype 33,34. EMT 
promotes the loss of apical-basal cell polarity, the cell-cell 
junctions, and the adherence of cells to their ECM. Hence, EMT 
has a relevant role in tumour progression as it increases the ability 
of cells to invade, intravasate and produce proteases involved in 
ECM degradation 35. The ECM degradation is mainly performed 
by matrix metalloproteinases (MMPs), whose proteolytic activity 
increases the accessibility to blood vessels and the lymphatic 
system 36,37. 
The adherence of tumour cells to the ECM is mediated by 
integrins 28. It has been observed that aberrant integrin activity is 
associated with different diseases, including cancer 38–40. 
Integrins contribute to upregulate the proteolytic activity of 
MMPs, thus altering the cell adhesion dynamics of tumour cells 
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41. Therefore, integrins are being used as potential therapeutic 
targets due to their implication in tumour progression 40,42–44. 
2.2. Intravasation, extravasation, and survival into the 
bloodstream 
Developing the ability to invade and migrate allow tumour 
cells to reach access to blood or lymphatic vessels. Intravasation 
is an early step of metastasis by which tumour cells cross the 
endothelial barrier and enter the lumen of blood or lymphatic 
vessels (hematogenous and lymphatic dissemination, 
respectively). In this way, intravasated tumour cells become 
Circulating Tumour Cells (CTCs). CTCs can travel as either, 
individual cells, or as a small oligoclonal group of cells, called 
CTC cluster 45. BC can generate metastasis through the axillary 
lymph nodes. However, hematogenous dissemination is the main 
route for BC tumour spread 46. The mechanisms of intravasation 
are the same as those that drive extravasation 47,48. Hematogenous 
extravasation can be an active or a passive process. Thus, CTCs 
could be physically trapped in capillaries of reduced diameter, or 
they can adhere to the endothelium through the expression of 
complementary ligands and receptors in both, CTCs and 
endothelial cells 49. This depends on the tumour type, the blood 
vessel structure and the conditions present in the tumour 
microenvironment. This step involves complex interactions 
between tumour cells and endothelial cells in order to pass 
through the endothelial cell junctions and exit the bloodstream. 
These interactions include different molecule types, such as 
proteins, lipids, and carbohydrates 50. It has been reported two 
different mechanisms of CTC extravasation: diapedesis and 
angiopellosis. Diapedesis is a multistep process similar to the 
mechanism used by white blood cells (WBCs) to exit the 
bloodstream. It consists of different steps (cell rolling, adhesion 
to endothelium and transmigration), and requires the presence of 
complementary receptors and ligands in CTCs and endothelial 
cells, as well as the deformation of the CTCs to pass through the 
wall of the blood vessel 51. Angiopellosis also needs the 
attachment between CTCs and endothelial cells. However, this 




deformation of the endothelial cells, that surround CTCs for their 
later expulsion 52,53. 
During circulation, CTCs should survive the environmental 
stress of the bloodstream to successfully develop metastasis. In 
this step, CTCs are exposed to different stress sources, such as the 
absence of cell anchorage that promotes anoikis. Anoikis is a 
form of cell death due to the loss of cell-cell, and cell-ECM 
adhesions. In this regard, CTCs that have undergone EMT could 
have a survival advantage compared to the epithelial CTCs, since 
they are less dependent on cell-cell and cell-ECM adhesions, and 
this also explains the presence of CTCs with mesenchymal traits 
in BC patients 49,54. Besides, CTC clusters could have a greater 
resistance to anoikis due to the existence of strong cell-cell 
junctions within the cells in the cluster 55,56. CTCs are also 
exposed to the action of the immune system, oxidative stress, and 
the impact with the blood cells 20,57. The shear stress generated by 
hemodynamic forces of the bloodstream over CTCs is also one of 
the major stress sources that compromises CTC survival during 
circulation. In this regard, biophysical characteristics of CTCs 
play an essential role in cell survival during dissemination 58–60. 
Altogether, these different stress factors present in the circulation 
explain the fact that the majority of CTCs die within the 
bloodstream 61,62. Therefore, this highlights that metastasis is an 
inefficient process and that survival into the bloodstream is an 
essential and limiting step of the metastatic cascade. 
2.3. Colonization, and growth in a distant organ 
After circulation and extravasation in a secondary location, 
tumour cells should survive in the new niche (called metastatic 
niche) to properly develop a metastatic lesion. This includes 
avoiding the action of the immune system, as well as acquiring 
the ability to proliferate. Thus, those CTCs that have undergone 
EMT, should revert this process through the Mesenchymal to 
Epithelial Transition (MET) to re-acquire epithelial traits and the 
capacity to grow 63,64. The adaptation of tumour cells to the 
metastatic niche relies on complex interactions of tumour cells 
with the cells of the target tissue in the secondary site, the ECM, 
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and the immune cells infiltrated in the secondary site 65. In 1889, 
Stephen Paget developed the ‘seed and soil’ theory to explain 
tumour dissemination and the colonization of secondary sites by 
tumour cells. The ‘seed and soil’ theory claimed that tumour cells, 
or ‘seeds’, can only proliferate and generate metastasis in a 
suitable microenvironment, or ‘soil’ 66. This theory highlighted 
the relevance of interactions between tumour cells and the tumour 
microenvironment in the secondary site. Although these 
interactions remain poorly understood, it is well known that 
tumour cells can pre-adapt the metastatic niche before 
colonization to later favour their survival, a concept known as the 
‘pre-metastatic niche’ 67. The secretion of different systemic 
signals (cytokines, ECM remodelling enzymes, exosomes) by 
tumour cells allows the pre-formation of a more permissive 
microenvironment that will later favour tumour cell growth and 
the development of metastases 20,25,67,68. 
 
3. CIRCULATING TUMOUR CELLS (CTCS) 
3.1. Relevance of CTCs in tumour progression 
CTCs were firstly described in 1869 by the doctor Thomas 
Ashworth when he analysed samples from the autopsy of a patient 
with metastatic breast cancer (mBC). Thomas Ashworth 
described the presence of cells with the same traits as tumour cells 
in a blood sample of the patient. Due to this observation, he 
claimed that these cells were derived from an existing tumour and 
that they must have circulated through a large part of the 
bloodstream 69,70.  
CTCs are defined as tumour cells released into the 
bloodstream from the primary tumour or/and the metastases, and 
they are responsible for tumour spread 71,72. The presence of 
CTCs in the peripheral blood is associated with a poor disease 
outcome 73. However, the mechanisms of CTC shedding are still 
not fully understood, as different mechanisms have been 
proposed 65. During the last decades, CTCs isolated from 




relevance in the understanding of the process of seeding 
metastasis. Unlike classic tissue biopsies, or ‘solid biopsies’, 
liquid biopsy is a non-invasive technique that allows CTC 
isolation to provide real-time information of the tumour status 74. 
Nevertheless, technical challenges were limiting the advance in 
this field, mainly due to the low frequency of CTCs in the blood 
of cancer patients, and the limitations of the CTC isolation 
technologies 75. Recently, the development of a wide range of 
technologies for CTC enrichment is allowing to gain insight into 
the essential role of CTCs within the metastatic cascade. 
3.2. CTC enrichment technologies 
CTC enrichment technologies have the objective of 
specifically detect and isolate CTCs, distinguishing them from 
other contaminating cells within a complex sample, such as whole 
peripheral blood samples. Thus, current CTC enrichment 
methods are classified into two main categories, according to the 
principle used to fulfil this purpose: based on biological 
properties or based on biophysical properties of cells. 
3.2.1. CTC enrichment based on biological properties 
These CTC enrichment methods are based on the use of 
antibodies against cell surface markers. The antigens used for 
CTC immunoisolation could be expressed by the CTCs (positive 
enrichment) or could be present in the rest of blood cells but not 
in CTCs (negative selection). 
3.2.1.1. Positive enrichment 
The CellSearch® system (Menarini Silicon 
Biosystems) is one of the most used devices for CTC isolation. 
The CellSearch® is the only system approved by the Food and 
Drug Administration (FDA) for clinical use in metastatic 
colorectal, prostate and breast cancer 76,77. CellSearch® is based 
on the use of metallic beads functionalized with antibodies 
against the Epithelial Cell Adhesion Molecule (EpCAM) to detect 
and isolate CTCs from peripheral blood samples. Moreover, 
CellSearch® also performs immunostaining of those EpCAM+ 
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cells against cytokeratins (CKs) 8, 18 and 19, the leukocyte 
marker CD45, and the nuclear staining DAPI (4’,6-diamidino-2-
phenylindole positivity). Hence, a CTC is defined as a cell 
EpCAM+/CKs+/DAPI+/CD45-, with a minimum size of 4x4 µm2 
76,78. Sample processing in the CellSearch® is mainly used for 
CTC enumeration, and it allows downstream genomic analysis of 
the captured cells. However, CellSearch® CTC detection uses 
whole blood collected in tubes with preservative reagents, which 
do not allow downstream transcriptomic analysis, neither later 
recovery of cells in a viable state to perform functional 
characterization, among other downstream procedures 78. The 
CellSearch® also has the limitation of detecting only CTCs with 
an epithelial phenotype. Hence, it is not capable of detecting 
CTCs with a more undifferentiated (or stem) mesenchymal traits 
where low or no EpCAM expression is found. Despite its 
limitations, CellSearch® has great clinical utility, as a correlation 
between CTC enumeration and patient outcome was found. For 
instance, an enumeration of ≥5 CTC/7.5mL of blood correlates 
with a worse prognosis in metastatic breast and prostate cancer 
patients, while a cut-off of ≥3 CTC/7.5mL correlates with a 
negative prognosis in metastatic colorectal cancer patients 79–81. 
Unlike CellSearch®, other immune-dependent enrichment 
methods allow the recovery of CTCs in a viable state, permitting 
gene expression studies. For instance, CellCollector® (Gilupi) is 
a positive CTC enrichment methodology based on the detection 
of EpCAM. CellCollector® is a CE certified medical device that 
isolates CTCs in vivo, directly from the blood of the patient. It 
consists of a medical stainless steel wire functionalized with 
antibodies against EpCAM that is placed as a catheter. 
CellCollector® is able to detect CTCs even in patients with early 
BC and with no diagnosed metastasis. However, it requires a 
manual screening for the identification of CTCs 78,82. 
CELLectionTM Epithelial Enrich DynabeadsTM 
(ThermoFisher Scientific) is also a positive CTC enrichment kit 
based on the expression of EpCAM. It can be used with whole 
blood, bone marrow, or with peripheral blood mononuclear cell 




antibodies against EpCAM that are directly added to the sample 
to allow interaction with CTCs for later separation with a magnet. 
Moreover, DynabeadsTM can be customised for detecting 
different antigens, such as cell surface proteins or ECM 
components 83. 
There are many technologies based on EpCAM expression 
for CTC isolation. However, the suitability of EpCAM as a 
marker for CTC enrichment is currently under discussion, as the 
role of EpCAM in tumour progression is not fully understood. 
Besides, it has been reported that EpCAM can have a transient 
expression due to EMT 84. Consequently, alternative immune-
based methods are being developed for detecting CTCs. The 
AdnaTest is a kit specifically designed for BC or prostate cancer. 
It is formed by magnetic beads functionalized with a cocktail of 
antibodies against different markers (EpCAM, HER2, CA 15-3 
(MUC1), and optionally against PR and ER). This system uses 
whole blood for CTC detection and allows gene expression 
analyses by quantitative multiplexed PCR (qPCR). Thus, 
AdnaTest can provide useful information regarding the 
progression of the disease during therapy, as well as the genetic 
origin of the isolated CTCs 85–87. 
3.2.1.2. Negative enrichment 
Moreover, negative immune-dependent enrichment 
techniques have been developed to overcome the limitations of 
those EpCAM-based technologies 88. RossetteSepTM (EasySepTM 
Direct Human CTC Enrichment Kit, Stemcell Technologies) is a 
good example and a widely used negative CTC enrichment 
system. This kit is used over whole blood samples and it contains 
a cocktail of antibodies that specifically recognise antigens 
present in blood cells. The density gradient centrifugation allows 
the separation of the blood components: contaminating cells 
(settle down to the bottom), plasma (the upper part), and the 
CTCs, which are located in the interface between the plasma and 
the lower part of contaminating cells. CTCs recovered with this 
system are viable and can be used for downstream assays, such as 
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functional or molecular phenotyping analyses, as it has been 
previously demonstrated 89,90. 
3.2.2. CTC enrichment based on biophysical properties 
Biophysical-based CTC enrichment technologies are 
generating great interest as they do not rely on the identification 
of cell surface markers. These can potentially detect and isolate a 
more heterogeneous CTC population. These label-free 
enrichment technologies can be based on different physical 
properties. The main physical properties used by these systems 
are density (density gradient), size (microfiltration), different size 
and deformability (microfluidics), or electrical charges 
(dielectrophoresis) 91. 
3.2.2.1. Density gradient 
Density-based methods were one of the first 
technologies applied for CTC isolation. These techniques have 
the advantage of fast sample processing time. However, they also 
have limitations, as they show low specificity that generates 
enrichment of CTCs with low purity 76,78.  
Diagnostic Leukapheresis (DLA) is a good example of a 
density-based method for CTC isolation that can overcome the 
limitation of low CTC frequency in peripheral blood samples. 
DLA is a standard procedure used in the clinic to collect 
Mononuclear Cells (MNCs) due to continuous centrifugation of a 
large volume of blood 92. It has been recently proposed that CTCs 
could be co-isolated along with MNCs during DLA 
centrifugation, as they have similar densities 93. Moreover, DLA 
screens large volumes of blood, thus increasing the likelihood of 
CTC detection in comparison with peripheral blood samples 92,94. 
It is estimated that the processing of DLA in the CellSearch® 
system increases between 0 and 32 fold the ability to detect CTCs 
in comparison with peripheral blood samples (7.5 mL) 95. It has 
been reported that DLA allows the enrichment of CTCs in a 
viable state that can be later used for downstream characterization 




maintain their viability, which makes sample processing more 
easily manageable 92. 
3.2.2.2. Microfiltration 
Microfiltration technologies were developed in the 
1960s, based on the higher size of CTCs in comparison with blood 
cells 91. Nowadays, there are different microfiltration-based 
devices for CTC isolation. For instance, ISET® (Isolation by Size 
of Epithelial Tumour cells) (Rarecell, Paris) was the first size-
based device for CTC detection. It uses a calibrated track-etched 
polycarbonate membrane with 8 µm cylindrical pores for CTC 
enrichment from diluted peripheral blood samples 91,96. 
3.2.2.3. Microfluidics 
Microfluidic devices are based on the higher size 
and lower deformability of CTCs compared with blood cells. 
Currently, microfluidic CTC enrichment techniques are one of the 
most used immune-independent methods as they perform 
different steps of sample processing within a chip. Thus, they 
integrate the ‘lab on a chip’ concept and allow continuous sample 
processing to reduce cell loss. 
The ParsortixTM Cell Separation System (Angle plc) is a 
semiautomated device capable of isolating CTCs from different 
body fluids, such as blood, bone marrow or ascites 97. It uses a 
disposable cassette with serpentine channels that finish in a 6.5 
µm gap to capture CTCs, while the rest of the blood cells flow 
through (figure 2). After blood enrichment, cells can be stained 
by in-cassette immunofluorescence for CTC identification, and/or 
recovered by an optional harvesting step. Harvested CTCs are 
viable, so they can be used to in vitro culture, or to perform 
functional and molecular characterization 98. Its cost-
effectiveness, versatility, simplicity, and label-free technology 
provide great potential to ParsortixTM and boost its use for a 
deeper understanding of CTC biology 99,100. 




Figure 2. Overview of a ParsortixTM cassette. The sample flows through 
serpentine channels. These channels have a stair-like silhouette that 
finishes in a 6.5 µm gap in which CTCs are captured, while the rest of 
blood cells flow through. Red arrows indicate the direction of the flow 
inside the cassette. 
Image used with permission of Angle plc. 
 
3.2.2.4. Dielectrophoresis 
Dielectrophoresis (DEP) separates CTCs based on 
their differential movement in the presence of an electric field, as 
they are charged particles. CTCs have a differential surface 
charge in comparison with other cells, thus an electric flow can 
separate them from the rest of the cells of the sample 101. 
DEPArrayTM (Menarini Silicon Biosystems) system 
combines microfluidics with DEP to detect and isolate individual 
CTCs based on their electrophoretic properties 76. CTCs are 
identified and selected by an image-based analysis. Then, 
selected cells are isolated inside dielectrophoretic cages and 
finally, cells are individually recovered for downstream analysis 
102. DEPArrayTM is normally used in combination with other 
separation techniques, as a secondary isolation method to 
eliminate the background contaminating cells and increase the 





4. CIRCULATING TUMOUR CELL CLUSTERS (CTC CLUSTERS) 
CTC clusters (a.k.a circulating tumour microemboli, circulating 
micrometastasis, circulating tumour aggregates, or tumour cell 
clumps) are defined as a small group of two or more (>100) 
tumour cells that travel together through the bloodstream 103. CTC 
clusters can be made of tumour cells exclusively (homotypic 
clusters), or be associated with other non-tumour cells, such as 
platelets, neutrophils, or PBMCs (heterotypic clusters) 104. It has 
been demonstrated that the presence of CTC clusters in the 
peripheral blood of cancer patients is associated with an adverse 
outcome. CTC clusters have a higher metastatic potential than 
individual CTCs 103,104. 
CTC clusters were firstly described in 1858 by Rudolph 
Virchow, a German physician known for being the founder of 
cellular pathology. Rudolf Virchow postulated the arrest of 
tumour microemboli in the vasculature as the origin of metastases 
105. However, it was not until 1954 that the first studies regarding 
the relevance of CTC clusters in tumour progression were 
published. A work performed by Watanabe demonstrated that 
CTC clusters were more efficient in metastatic seeding than 
individual CTCs when intravenously injected in mice at equal 
numbers 106,107. Despite knowing the existence of CTC clusters 
for over a century, the origin of CTC clusters, or the traits that 
make them more metastatic are still in the process of being 
elucidated. 
4.1. Origin of CTC clusters 
The origin of CTC clusters is still under discussion and two 
main hypotheses have been proposed. One possibility is that CTC 
clusters could be directly separated from the primary tumour 
and/or from metastasis. Another possibility is that CTC clusters 
originate from the aggregation and/or proliferation of individual 
CTCs within the bloodstream 107 (figure 3). 




Figure 3. Overview of the possible origin of CTC clusters. CTC clusters 
can be generated by the direct detachment of a group of cells from the 
primary tumour or a metastatic lesion. Alternatively, CTC clusters could 
derive from the aggregation and/or proliferation of individual CTCs 
within the bloodstream. 
Although there is limited evidence about the origin of CTC 
clusters in BC, some studies point to a direct detachment of a 
group of cells from the tumour as the origin of CTC clusters and 
exclude the intravascular aggregation of cells. In fact, the 
injection of two different fluorescently-labelled tumour cells in 
the mammary fat pad of opposite flanks of mice demonstrated that 
BC metastases arise from a collective migration and invasion of 
a group of cells, and discarded the intravascular aggregation of 
individual tumour cells 45,108. Moreover, an in vitro assay 
performed in a platform that mimics the conditions of the 
bloodstream has shown that this environment does not favour the 
intravascular aggregation and/or proliferation of single CTCs 107. 




cluster formation have been reported. For instance, it has been 
described that plakoglobin (JUP) is essential for CTC cluster 
formation. In fact, the presence of high expression levels of 
plakoglobin correlated with an adverse outcome of BC patients 
and plakoglobin knockdown in murine models reduced CTC 
cluster formation and metastatic incidence 45. Plakoglobin is a 
relevant component of adherens junctions and desmosomes. 
Hence, plakoglobin can play a fundamental role in keeping the 
cell-to-cell adhesion of tumour cells within the CTC cluster 45. 
The intermediate filament keratin 14 (KRT14) was also found to 
be associated with CTC clusters. Like plakoglobin, keratin 14 is 
also a protein related to cell junctions that regulates cell-cell and 
cell-ECM adhesion. It has been demonstrated that keratin 14 is 
necessary for collective invasion and dissemination but not for 
the dissemination of individual cells 108. 
On the contrary, a recent work performed with murine 
Patient-Derived Xenograft (PDX) models of BC showed the 
feasibility of CTC cluster formation by adhesion of individual 
cells within the bloodstream. The authors reported that 
homophilic CD44-CD44 interactions allow cell aggregation to 
form CTC clusters in circulation, and that CD44 depletion 
prevented tumour cells from aggregation. Thus CD44 is required 
for CTC cluster formation by intravascular cell aggregation 109. 
In line with this, previous research showed that the primary 
attachment to endothelia allowed tumour cells to form cellular 
aggregates during the initial steps of metastasis development 110. 
Moreover, it has been proposed the ‘cell jamming’ as another 
alternative mechanism for CTC cluster formation during tumour 
spread. The ‘cell jamming’ model proposes that the density of the 
ECM determines the type of invasion (individual or collective) 
performed by mesenchymal tumour cells. According to this, high 
density ECM induces cell-cell interactions and collective 
migration, thus favouring CTC cluster formation 111. 
Consequently, the currently available data suggest a possible 
combination of all of the above-mentioned mechanisms to 
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explain the formation of CTC clusters. However, further studies 
are required to shed light on the origin of CTC clusters. 
4.2. Metastatic traits of CTC clusters 
CTC clusters only represent 1-30% of all CTCs 104. Despite 
being a minor subpopulation of CTCs, it has been reported that 
CTC clusters have a 23-50-fold higher metastatic potential than 
individual CTCs. Preclinical studies have estimated that CTC 
clusters are the responsible for 50-97% of metastasis 45,108.  
However, the characteristics and mechanisms that make CTC 
clusters more metastatic than individual CTCs are still not fully 
understood. In this regard, a study in melanoma demonstrated that 
tumour cells with low metastatic potential can increase their 
metastatic ability when they interact and group with tumour cells 
with a high metastatic capacity 112. 
On the contrary, a previous study showed that combining 
tumour cells with different metastatic potentials within a cluster 
did not increase the ability to metastasize of the low-metastatic 
tumour cells. This study showed that the majority of the 
metastases were developed by those tumour cells with high 
metastatic potential 113. Therefore, further work is required to 
better understand the heterogeneity within CTC clusters and how 
tumour cells interact with each other in the cluster. Related to this, 
it should be highlighted that cell heterogeneity can play an 
important role in tumour spread. CTC clusters can simultaneously 
exhibit both mesenchymal and epithelial markers 54. This could 
be suggesting a possible cooperation between different cell clones 
within the CTC clusters, although so far it has not been 
demonstrated. Besides, genomic studies and the use of other 
OMIC techniques is essential to decipher the potential 
polyclonality of CTC clusters and the clonal cooperation of cells 
within CTC clusters, which will enlighten the origin of polyclonal 
metastases 114. 
Moreover, CTC clusters have a higher survival ability in 
circulation and a higher resistance to apoptosis at the site of 




clusters could be partially explained by the existence of strong 
cell-cell interactions between tumour cells that would make them 
more resistant to anoikis 56,115. 
Furthermore, the higher resistance to apoptosis observed in 
CTC clusters might also be due to the lower circulation half-life 
of CTC clusters (6-10 minutes) in comparison with individual 
CTCs (25-30 minutes) observed in BC murine models 45. Due to 
the larger size of CTC clusters, they can be physically entrapped 
in small capillaries more easily. This would favour CTC cluster 
survival and later growth to form metastatic lesions 104. This 
higher resistance to apoptosis was not only observed in animal 
models but also in BC patients. A study performed in TNBC by 
Paoletti and collaborators found that only 0.4% of cells were 
apoptotic in the CTC cluster population, while in single CTCs this 
percentage reached 20% 116. 
Changes in DNA methylation of cells within CTC clusters 
isolated from BC patients showed hypomethylation in the binding 
sites of transcription factors regulating stem-related genes, such 
as OCT4, NANOG, SOX2, and SIN3A, suggesting the presence 
of stem-like traits in CTC clusters. This methylation pattern 
correlated with a higher metastatic capacity of CTC clusters and 
a worse outcome of a subset of BC patients 117. The stem-like 
properties can increase cell plasticity and adaptation capacity to 
microenvironmental changes, which are characteristics that will 
favour the development of metastasis 109,117. 
CTC clusters have been mainly studied in mBC patients. 
However, it has been recently reported that it is also possible to 
detect CTC clusters in early-stage BC, suggesting that 
dissemination of CTC clusters may be an early event in BC 118,119. 
Recently published studies showed that CTC clusters isolated 
from early-stage BC patients and PDXs had mutations that were 
not present in the primary tumour and that can potentially provide 
information about the genes involved in tumour progression 
114,120. Therefore, further studies are required in different BC 
stages of development to fully understand the role of CTC clusters 
in tumour spread. 
INÉS MARTÍNEZ PENA 
90 
 
4.3. Clinical value of CTC clusters 
It has been largely demonstrated that the enumeration of the 
CTCs isolated in the CellSearch® system correlates with patient 
survival in mBC 79,121. Moreover, CTC enumeration not only has 
prognostic power in mBC but also in early-stage BC 122. 
Generally, a cut-off ≥5 CTCs/7.5 mL of blood is established to 
differentiate between favourable (<5 CTCs/7.5 mL of blood) and 
unfavourable (≥5 CTCs/7.5 mL of blood) patient outcomes 121,123. 
Unlike for CTCs, CTC cluster enumeration and its potential 
clinical relevance have not been so widely studied. This could be 
due to the CTC enrichment technologies, which can potentially 
affect the CTC cluster integrity, limiting the ability to detect CTC 
clusters 124. A prospective randomized phase II trial assessed the 
predictive value of CTC clusters in TNBC patients, using the 
CellSearch® system as the enrichment method. This study showed 
that the continued detection of CTC clusters over time was 
associated with a shorter survival 116. This is in agreement with 
the results of a previous study performed in mBC patients, in 
which the detection of CTC clusters using a microfluidic device 
was found to be associated with a worse prognosis 45. Therefore, 
CTC clusters have prognostic value in mBC regardless of the 
enrichment method used to detect them. 
Other studies performed in mBC patients not only confirmed 
the prognostic value of CTC clusters but also highlighted that 
CTC cluster enumeration can provide additional prognostic value 
to CTC enumeration alone 125–128. Additionally, a correlation 
between the size of CTC clusters and patient outcome has been 
established. It has been demonstrated that those patients with 3-
cell CTC clusters had lower overall survival than the patients with 
2-cell CTC clusters 125. Another recent study related the 
expression of the stem marker CD44 in CTC clusters with patient 
survival, observing that the patients whose CTC clusters were 
CD44+ had shorter overall survival than the patients with CD44- 




Despite the limited number of publications that study the 
CTC cluster prognostic capacity, current data supports that CTC 
cluster enumeration provides independent prognostic 
information, additional to the CTC enumeration alone. Although 
improvements in the detection of CTC clusters should be made, 
CTC cluster detection and study could potentially improve BC 
prognosis, leading towards a more personalised medicine. 
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The main objective of this thesis is to conduct a comparative 
study between individual CTCs and CTC clusters in order to 
go in depth in the biology of CTC clusters, to determine the 
biological traits of CTC clusters that confer their metastatic 
potential and that will help us to understand the role of CTC 
clusters in tumour progression. To accomplish this purpose, 
we have proposed different specific objectives: 
1. To isolate CTCs, and specially CTC clusters from 
liquid biopsy samples from mBC patients. 
− To evaluate the potential of CTC clusters 
regarding their clinical prognostic utility in a 
cohort of mBC patients. 
− To evaluate the feasibility of CTC cluster 
isolation in the ParsortixTM from different types 
of liquid biopsy samples (peripheral blood 
samples, DLA products). 
 
2. To establish in vitro experimental models of CTCs 
and CTC clusters by using human BC cell lines and 
to functionally and molecularly characterise them. 
− To evaluate the metastatic potential of the CTC 
and CTC cluster models by performing in vitro 
assays that mimic different steps of the metastatic 
cascade. 
− To assess the metastatic potential of the models 
in preclinical in vivo models (Danio rerio, Mus 
musculus). 
− To compare gene expression signatures between 
individual CTCs and CTC clusters. 
 
3. To use a mouse model of mBC as a source for CTCs 
and CTC clusters to deepen into their biology 
− To generate an ex vivo CTC derived cell line and 




a potential and more physiological realistic 
model of CTCs. 
− To identify genetic differences between 
individual CTCs and CTC clusters that could 
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MATERIALS AND METHODS 
 
1. METASTATIC BREAST CANCER PATIENT SAMPLES 
1.1. Peripheral blood samples from metastatic BC 
patients 
Peripheral blood samples from patients with mBC were 
provided by the Oncology Department of the University Hospital 
of Santiago de Compostela (CHUS). Before collecting the 
samples, patients were properly informed regarding the 
conditions of the biological sample cession by signing the 
corresponding informed consent (protocol code: RLL-BL-
2015_01), which was previously approved by the Clinical 
Research Ethics Committee (CEIC) of Galicia (code 2013/462 or 
2015/772). Each sample consists of approximately 7.5 mL of 
peripheral whole blood. Samples were used for CTC and CTC 
cluster detection by using two different approaches for CTC 
enrichment. CellSearh® (Menarini Silicon Biosystems) is an 
immune-dependent device that isolates CTCs and CTC clusters 
based on their expression of EpCAM. CellSearh® is the only 
system approved by the FDA for clinical use. On the other hand, 
ParsortixTM (Angle plc) is an immune-independent system that is 
based on the differential physical properties of tumour cells for 
CTC and CTC cluster isolation. More specifically, ParsortixTM 
isolates CTCs and CTC clusters based on their larger size, and 
lower deformability, in comparison with the blood cells. For CTC 
and CTC cluster isolation in the ParsortixTM system, a specific 
protocol was used for maximising the integrity of CTC clusters 
and avoiding CTC cluster disaggregation. Thus, this protocol is 
characterised by a lower pressure, and a lower flow rate, in 
comparison with standard separation conditions (50 mbar and 99 
mbar, respectively). 
Peripheral blood samples used for CTC and CTC cluster 
enumeration and correlation with patient outcome were collected 
in CellSave Preservative tubes (Menarini Silicon Biosystems) and 
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processed within the following 96 hours. Blood samples were 
collected at baseline (before starting the first line of systemic 
therapy, or before starting a new line of therapy), as well as at 
follow up, during the course of the treatment. Follow up samples 
were exclusively collected from those patients who were about to 
start the first line of systemic therapy. The follow up period varied 
from 3 to 5 weeks after the beginning of the therapy. Blood 
samples were processed at the Liquid Biopsy Analysis Unit 
(Health Research Institute of Santiago de Compostela, IDIS), 
using the CellSearch® System (Menarini Silicon Biosystems), 
and the CellSearch® Epithelial Circulating Tumour Cell Kit. 
Hence, biological samples were enriched for CTCs and CTC 
clusters using metallic beads coated with an antibody that 
specifically recognises EpCAM antigen. Moreover, after 
enrichment cells were stained with fluorescent antibodies that 
recognise CK 8, 18, and 19. Fluorescent antibody against the 
WBC marker CD45, and the double-stranded DNA staining 
DAPI were also used for cell staining. Thus, CTCs were identified 
as EpCAM+/CKs+/DAPI+/CD45-. CTC clusters were recognised 
as groups of ≥2 cells EpCAM+/CKs+/DAPI+/CD45-, with intact 
cytoplasm membranes and non-overlapping nuclei. CTC 
identification was manually evaluated by two trained technicians. 
Peripheral blood samples were also used to optimise a 
workflow for immune-independent CTC and CTC cluster 
isolation. These samples were collected into Vacuntainer K2 
EDTA Blood Collection tubes (BD), when the blood extraction 
and the sample processing were performed within the same day, 
or into CellSave Preservative tubes (Menarini Silicon 
Biosystems), when the collection day and the processing day were 
different. Blood samples were processed in the size-based 
isolation system ParsortixTM (Angle plc) to proceed with single 
CTC and CTC cluster isolation. After separation, tumour cell 
identification was done by immunological characterisation using 
a cocktail of fluorescent conjugated antibodies against the 
epithelial markers EpCAM, the Epidermal Growth Factor 
Receptor (EGFR), and E-cadherin, as well as an antibody against 
CD45 for the identification of leukocytes (table 3). Moreover, 
NucBlueTM Live ReadyProbesTM Reagent (Molecular Probes), 
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was used for nuclear staining. Therefore, it was considered as 
CTCs those cells with the following phenotype: 
EpCAM/EGFR/E-cadherin+, NucBlue+, CD45-. 
Table 3. Antibodies used for CTC identification in the ParsortixTM system. 
Epitope Antibody Proportion 
EpCAM Anti-EpCAM Alexa Fluor® 488 
(Biolegend) 
1:100 
EGFR Anti-EGFR Alexa Fluor® 488 (Biolegend) 1:100 
E-
cadherin 
Anti-E-cadherin Alexa Fluor® 488 
(Biolegend) 
1:100 
CD45 Monoclonal anti-CD45 PE (Exbio) 1:100 
1.2. Diagnostic Leukapheresis (DLA) samples 
DLA is a density-based method that isolates cells due to 
continuous centrifugation of large volumes of blood. DLA is a 
standard procedure used in the clinic for the isolation of 
mononuclear cells. However, it has been proposed that CTCs 
could be co-isolated with the MNCs during DLA centrifugation 
as they have similar density. Given its origin, DLA samples can 
increase the likelihood of CTC and CTC cluster detection, in 
comparison with a 7.5mL of peripheral blood. 
DLA products obtained from mBC patients were provided by the 
research group of Prof. Dr. rer. nat. Hans Neubauer (University 
Hospital, Heinrich Heine University, Düsseldorf). DLA products 
were obtained after suitably signing the corresponding material 
transfer agreement (MTA) for sample cession by the Heinrich-
Heine University of Düsseldorf (Germany) (see appendix 
‘Material Transfer Agreement for the use of Diagnostic 
Leukapheresis products’). In particular, it was used DLA samples 
negative for the presence of CTCs when analysed by CellSearch® 
system (Menarini Silicon Biosystems), and that were named as 
DLACTC-. 
DLACTC- were stored in liquid nitrogen upon arrival. 
DLACTC- products were thawed quickly in the water bath (37 °C) 
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while opening the cryotube regularly to avoid cell damage due to 
overpressure. Then, DLACTC- products were transferred to a 50 
mL tube (Falcon) and diluted with cold 1x EDTA in PBS 
(100mM) until a total volume of 15 mL. Samples were kept in 
ice, and they were filtered twice using a 100 µm cell strainer 
(Fisher Scientific). 
DLACTC- samples were used to perform spiking tests in which 
a known number of fluorescently labelled BC cells as either single 
CTCs or as CTC clusters were added to the sample. Particularly, 
a 20 µL drop containing between 100 and 300 units, that is single 
cells and clusters, were added to each sample. Before spiking, 
tumour cells were stained with the nuclear staining NucBlueTM 
Live ReadyProbesTM Reagent (Molecular Probes), following the 
manufacturer’s instructions. Afterwards, spiked samples were 
processed in the ParsortixTM system (Angle plc) to optimise a 
workflow for DLA sample processing. After finishing the 
separation step with the corresponding protocol, captured CTCs 
and CTC clusters were counted based on enhanced Green 
Fluorescent Protein (eGFP) expression to calculate the isolation 
efficiency. Afterwards, isolated CTCs were harvested, and the 
CTCs that remained inside the cassette after harvesting were 
counted, to determine the predicted recovery efficiency. 
DLACTC- samples were used to perform the following assays: 
1.2.1. Standard separation protocol vs. Cluster separation 
protocol 
DLA products are characterised by an elevated 
cellularity that could potentially block the ParsortixTM system 
during the separation step. Thus, two different separation 
protocols were evaluated for CTC detection in the ParsortixTM 
system to select the most suitable protocol to work with DLA 
samples. 
The same DLACTC- sample was divided into two different 
subsamples after the dilution step with 1x EDTA-PBS. On the one 
hand, one of the DLACTC- subsamples was processed in the 
ParsortixTM system using the standard separation protocol (figure 
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4, tube 1). On the other hand, the second DLACTC- subsample was 
processed with a protocol specifically designed to maximise CTC 
cluster capture and to avoid CTC cluster disaggregation (figure 4, 
tube 2). The cluster separation protocol has lower flow rate and 
lower pressure (50 mbar) than the standard separation protocol 
(90 mbar). 
 
Figure 4. Graphical representation of the experimental workflow 
followed for the optimization of the ParsortixTM separation protocol using 
DLA samples. Each DLA sample was divided into two halves. Each half 
was spiked with a known number of tumour cells as both, individual CTCs 
and CTC clusters. Afterwards, CTCs were isolated in the ParsortixTM using 
a standard separation protocol (tube 1), or a cluster separation protocol 
(tube 2). Isolated CTCs and CTC clusters were counted and harvested. 
Finally, the CTCs that remained inside the cassette were counted and a 
predicted recovery was determined. 
 
1.2.2. Filtered: Before vs. After tumour cell spiking 
In this assay, the same DLACTC- product was divided into 
two different tubes after the dilution with 1x EDTA-PBS (100 
mM). One of the DLACTC- subsamples was passed through the 
100 µm cell strainer twice before spiking (figure 5, tube 1), while 
the other DLACTC- subsample was filtered after performing the 
spiking step (figure 5, tube 2). 
Later on, samples were processed in the ParsortixTM system 
using the standard separation protocol, and CTC counting was 
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performed after separation, as well as, after the harvesting step to 
determine the isolation and the predicted recovery efficiencies. 
 
Figure 5. Graphical representation of the experimental workflow 
followed for evaluating the potential effect of the filtration of DLA 
samples over the CTC cluster enrichment. Each DLA sample was divided 
into two halves. Each half was spiked with a known number of tumour 
cells as both, individual CTCs and CTC clusters after filtration (tube 1) or 
before filtration (tube 2). CTCs and CTC clusters were isolated in the 
ParsortixTM using the standard separation protocol. Isolated CTCs and CTC 
clusters were counted and harvested. The CTCs that remained inside the 




2. GENERATION OF INDIVIDUAL CTC AND CTC CLUSTER IN 
VITRO MODELS 
2.1. Cell lines 
Two different human BC cell lines were used to obtain in 
vitro models of single CTCs and CTC clusters: the TNBC cell 
line MDA-MB-231 and, the luminal A cell line MCF-7. Both cell 
lines were fluorescently labelled by expressing eGFP, and they 
also express the luciferase gene (Luc). MDA-MB-231eGFP Luc cell 
line was purchased at Tebu-bio (Spain), and MCF-7eGFP Luc line 
was purchased at GeneCopoeia, Inc. (USA). Cells were cultured 
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with DMEM High Glucose (Biowest), supplemented with 10% of 
Fetal Bovine Serum (FBS) (Corning), and 1% of 
Penicillin/Streptomycin (P/S) (Lonza). Cells were maintained in 
vitro at 37°C, and 5% CO2. 
2.2. Generation of single CTC and CTC cluster in vitro 
models 
Two different protocols were used to generate single and 
cluster cell suspensions, according to the experimental 
necessities. 
On the first protocol, cell cultures were kept overnight under 
low-attachment and serum-deprivation conditions at a density of 
1x106 cells/mL to allow cell aggregation. Afterwards, cell 
aggregates were subjected to a differential mechanical 
disaggregation to generate an individual cell suspension that 
mimics single CTCs, or small cell groups that represents CTC 
clusters (figure 6, a). 
In the second protocol, cells were maintained under adherent 
standard conditions with DMEM High Glucose supplemented 
with 10% FBS and 1% P/S, at 37 °C, 5% CO2. Adherent cell 
monolayers with 80% of confluence were differentially detached 
using different concentrations of trypsin-EDTA (10X) (Lonza). 
More specifically, trypsin 1X was used for the generation of the 
cluster population, while trypsin 10X was used in the case of 
single cell population (figure 6, b). 
Before downstream assays, cell suspensions were counted to 
make sure that the same number of cells was added to the 
experiments. A 10 µL fraction of each population was mixed with 
10 µL of 0.4% Trypan Blue solution (Sigma-Aldrich), and cells 
were counted using a Neubauer chamber (VWR International 
Eurolab, S.L.). 
 




Figure 6. Protocols followed for the generation of in vitro single CTC and 
CTC cluster models. Cells were kept overnight under low-attachment and 
serum-deprivation conditions at a density of 1x106 cells/mL to allow cell 
aggregation. Differential mechanical disaggregation was used to obtain a 
single cell suspension (single CTCs) or cellular aggregates (CTC clusters) 
(a). Alternatively, cells were cultured under standard conditions. For 
single CTC and CTC cluster generation, different concentrations of 
trypsin and differential mechanical disaggregation were used (b). 
 
Materials and Methods 
109 
 
3. IN VITRO ASSAYS 
3.1. Proliferation / Cell viability assays 
In order to perform proliferation assays, 5x103 cells/well 
were seeded in a 96-well plate (Corning), in a final volume of 100 
µL per well. The viability of cell culture was measured 
periodically to determine the growth rate of the cell population 
over time. Quantification of cell viability was assessed using two 
different methods, the resazurin-based solution AlamarBlueTM 
Cell Vialibity Reagent, and the luciferase activity.  
AlamarBlueTM Cell Viability Reagent (ThermoFisher 
Scientific) is a resazurin-based redox-sensitive solution that uses 
the reducing power of the cell culture as an index of viability and 
cell health. AlamarBlueTM was added to each well at a final 
proportion of 10% of the total volume. Cell cultures were 
incubated with AlamarBlueTM for 2.5 hours, at 37°C and 5% CO2. 
After incubation, the fluorescence signal was measured in a 
FLUOstar OPTIMA Microplate Reader (BMG Labtech.) using 
the software FLUOstar OPTIMA (BMG Labtech.). 
For proliferation assays using the luciferase activity 
quantification, cells were cultured in a black 96-well plate 
(Corning), and D-luciferin (PerkinElmer) was added at a final 
concentration of 150 µg/mL immediately before quantification. 
Luciferase activity was determined by measuring the 
bioluminescent signal derived from the reaction catalysed by the 
enzyme. Bioluminiscence measurement was performed in the 
system EnVision Multilabel Plate Reader (PerkinElmer), and the 
software Wallac EnVision Manager 1.12 (PerkinElmer). 
3.2. Transwell migration assays 
With the purpose of assessing the migration ability of the in 
vitro single CTC and CTC cluster models, 6.5 mm TranswellTM 
with 8.0 µm pore polycarbonate membrane inserts (Corning) 
were used. For this assay, each TranswellTM insert was coated 
with 1:10 diluted Growth Reduced Factor (GRF) Matrigel® 
(Coning) to ensure the active migration of tumour cells through 
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the TraswellTM membrane. A total of 5x104 cells/insert were 
seeded on the TranswellTM either as single CTCs or CTC clusters, 
with a 10% of FBS (Corning) gradient (figure 7, a). Duplicates of 
each CTC in vitro model were seeded in each experiment. Cells 
were incubated at 37°C, 5% CO2, during 8 hours for MDA-MB-
231eGFP Luc CTC in vitro models, or during 24 hours for MCF-
7eGFP Luc derived CTC in vitro models. Afterwards, the cell 
suspension was removed, the TranswellsTM washed twice with 
Phosphate-Buffered Saline (PBS) (Biowest), and non-migrated 
cells were removed by scraping the upper side of the Transwell 
insert with a cotton swab. Migrated cells were fixed with a 
solution of paraformaldehyde (PFA) (Thermo Scientific) 3%, and 
glutaraldehyde 1% (Sigma) in PBS, for 30 minutes at Room 
Temperature (RT). After fixation, inserts were washed twice with 
PBS and migrated cells were counted using the fluorescence 
microscope Leica DMi8 (Leica Microsystems), with a 10x 
objective. Fourteen different representative fields were counted 
per insert (figure 7, b). 
 
Figure 7. Transwell migration assay. Graphical representation of 
Transwell migration assay (a). Representation of the analysed fields. 
Each square with grey parallel diagonal lines represents an analysed field 
(b). 
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3.3. Transwell invasion assay 
To test invasion, BioCoat Growth Factor Reduced Matrigel 
Invasion chamber with 8.0 µm PET membrane (Corning®) were 
used. A total of 5x104 tumour cells were seeded under serum 
starvation conditions, as single CTCs or CTC clusters (figure 8). 
Duplicates of each CTC in vitro model were seeded in each 
experiment. The assay was incubated at 37°C, 5% CO2 for 24 
hours in the case of MDA-MB-231eGFP Luc, and for 48 hours in the 
case of MCF-7 eGFP Luc cell line. Afterwards, non-invaded tumour 
cells were removed by scraping the upper side of the Transwell 
insert with a cotton swab and invaded tumour cells were fixed 
with 3% PFA (Thermo Scientific) and 1% of glutaraldehyde 
(Sigma) for 20 minutes. Finally, tumour cells that invaded the 
Matrigel and reach de transwell membrane were counted by 
microscopy. Seventy different Fields of View (FOV) per well 
were counted. 
 
Figure 8. Graphical representation of the Transwell invasion assay. 
 
3.4. Fluid Shear Stress (FSS) assays 
For FSS assays, cell suspensions with a concentration of 
5x105 cells/mL were loaded into a 5 mL Norm-Ject syringe 
(Henke Sass Wolf). The syringes were placed into the 
multichannel programmable NE-1600 syringe pump (New Era 
Pump Systems, Inc.), whose parameters were set to mimic the 
flow conditions of the bloodstream (table 4). Moreover, each 
syringe was linked to a Microlance Hypodermic 30 gauge (G) ½’’ 
needle (BD), in order to generate shear stress. 
 




Table 4. Parameters of the fluid shear stress assay. 
Syringe diameter (mm) 12.5 
Flow rate (mL/min) 4.25 
Pressure (dyn/cm2) 1840 
Volume (mL) 4 
 
It was considered one passage (P) when the entire content of 
the syringes passed through the 30G needle, which was collected 
in a 15 mL clear polypropylene (PP) centrifuge tube (Corning). A 
total number of 10P were performed in each FSS assay, and a 2-
minute break between consecutive passages was allowed to 
permit cell resting (figure 9). 
 
Figure 9. Workflow of the fluid shear stress (FSS) assay. Cell suspensions 
were loaded into a 5 mL syringe that was linked to a 30G needle, as well 
as to a syringe pump. It was considered a passage (P) when the cell 
suspension completely flowed through the needle. Each FSS assay 
consisted of 10P with a 2-minute break between subsequent passages. 
Cell viability was assessed by bioluminescence after finishing the assay (0 
h), as well as 24 hours later (24 h). 
 
Furthermore, 100 µL subsamples were taken before the first 
passage (P0), as well as after the even passages (P2, P4, P6, P8, 
and P10) and they were collected into a 96-well Flat Clear Bottom 
Black Polystyrene TC-treated Microplates (Corning) in order to 
evaluate cell viability right after finishing the assay (0 h). Besides, 
subsamples after even passages were collected to put in culture 
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for 24 hours and measure the cell viability at the 24 hour 
timepoint (figure 9). Cell viability was assessed across the 
passages at 0 and 24 hours after the FSS assay by the 
bioluminescent signal emitted by the luciferase enzyme when 
added XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate 
(PerkinElmer) as a substrate for the reaction. Bioluminiscence 
was measured using the system EnVision Multilabel Plate Reader 
(PerkinElmer), and the software Wallac EnVision Manager 1.12 
(PerkinElmer). 
3.5. Endothelial adhesion assays 
For endothelial adhesion assays EA.hy926 cells were seeded 
at a density of 5x104 cells per well, in 96-well plates (Corning) 
previously coated with gelatine. Endothelial cells were allowed to 
grow to generate a cell monolayer, by incubating them at 37 °C, 
5% CO2, for 24-48 hours. Once the monolayer of endothelial cells 
was formed, 2.5x104 tumour cells per well were added under 
serum deprivation conditions. A minimum of 4 replicates of each 
CTC in vitro model were seeded in each experiment (figure 10). 
Tumour cells were incubated together with the endothelial 
monolayer for 45 minutes, at 37°C, and 5% CO2, to enable the 
interaction between both cell types. Non-attached tumour cells 
were washed away with PBS. Finally, tumour cells adhered to the 
endothelial monolayer were counted by microscopy, using the 
fluorescence microscope Leica DMi8 (Leica Microsystems). The 
whole surface area of each replicate was counted. 
 
Figure 10. Overview of the endothelial adhesion assay. 
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3.6. Soft agar colony formation assays 
Soft agar colony formation ability was assessed using 6-well 
and 12-well plates (Corning). Firstly, a lower layer of 0.5% 
agarose (Fisher Bioreagents) in the corresponding cell culture 
media (DMEM High Glucose, or MammocultTM, depending on 
the cell line) was generated. After the gelling of the bottom layer, 
1x104 cells/well (6-well plate), or 5x103 cells/well (12-well plate) 
with 0.3% agarose in cell culture media were seeded. Duplicates 
of each CTC in vitro model were seeded in each experiment 
performed in 6-well plate, and three replicates of each condition 
were seeded in the case of 12-well plate assays. 
Cells were incubated at 37°C, 5% CO2 for 2-4 weeks, 
depending on the subtype of the cell lines used in each assay. 
Afterwards, the assays were stopped by incubating the wells with 
0.005% crystal violet (VWR Chemicals) in methanol (Sigma-
Aldrich) for 1 hour, at RT. Excess of staining was removed by 
washing the cells with PBS (Biowest) several times. Finally, the 
number of colonies was determined by microscopy using the 
fluorescence microscope Leica DMi8 (Leica Microsystems). In 
the CTC cluster models derived from BC cell lines only 
macroscopic colonies were counted, while for mCTC colony 
formation assays a ≥70 µm diameter cut-off was established for 
determining the number of colonies. 
 
4. IN VIVO ASSAYS 
4.1. Zebrafish (Danio rerio) embryo xenografts 
Wild-type zebrafish (ZF) embryos were obtained by natural 
mating of adult zebrafish. Twenty-four hours post-fertilization 
(hpf) embryos were maintained at 28 °C, in 0.003% w/v N-
phenylthiourea (PTU) (Sigma) in E3 medium, to inhibit 
melanogenesis and obtain transparent embryos. ZF xenografts 
were generated using 48 hpf embryos. All procedures were 
performed according to current legislation (RD53/2013). In the 
RD53/2013, Danio rerio is included in the appendix I, as a 
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species for experimental procedures that should be protected. 
However, this law only applies to embryo forms of mammals in 
the final third of their development, but does not apply to non-
mammal embryos, such as zebrafish embryos. 
Firstly, 48 hpf embryos were dechorionated and 
anaesthetized with 0.003% w/v tricaine methanesulfonate (MS-
222) (Sigma) diluted in E3 medium with PTU. Once the embryos 
were immobilized by the anaesthetic, they were put in a 1.5% 
agarose-coated 100 mm ø Petri dish (VWR) to perform the 
microinjection of cells. Immediately preceding the 
microinjection, MDA-MB-231eGFP Luc and MCF-7eGFP Luc cell 
lines were used to generate in vitro models of single and cluster 
cell suspension, by differential disaggregation (see above 
‘Generation of single CTC and CTC cluster in vitro models’). A 
million cells were washed once with PBS and resuspended in 6 
µL of 2% polyvinylpyrrolidone (PVP) (Sigma), which is a 
polymer that prevents glass capillaries from blocking. Cells were 
maintained on ice during microinjection. 
Secondly, borosilicate glass capillaries (1mm O.D. 
×0.58mm) (Harvard Apparatus) were used to make needles using 
the PC-10 puller (Narishige International). Cell suspensions were 
loaded into the needles and microinjection was performed by 
injecting approximately 300 cells per embryo. Microinjection 
was done by using an IM 300 microinjector (Narishige 
International), set with an outpout pressure of 68.95 kPa, and 0.03 
ms of injection time, as well as the Nikon SMZ800 Stereo Zoom 
Microscope (Nikon). ZF microinjection was performed in the 
perivitelline space, next to the convergence of the Duct of Cuvier 
(DoC) (figure 11, a). 
After microinjection, ZF xenografts were examined for the 
presence of a fluorescent cell mass at the injection site, and the 
absence of tumour cells in the circulation was verified. Embryos 
showing tumour cells in circulation after injection were discarded 
and not considered for analysis. ZF xenografts were kept at 34 °C, 
a consensus temperature between ZF embryo development and 
human tumour cell viability. ZF xenografts were monitored at 0 
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hours post injection (hpi), 24 hpi, 48 hpi and/or 72 hpi by using 
the inverted fluorescent microscope Leica DMi8 (Leica 
Microsystems). ZF xenograft monitoring was performed to 
evaluate cell dissemination, and cell survival. Moreover, caudal 
dissemination patterns were studied in each type of ZF xenograft, 
dividing the tail into three different regions, according to the 
vasculature: dorsal (includes dorsal longitudinal anastomotic 
vessel), ventral (involves the caudal vein, the posterior cardinal 
vein, and the dorsal aorta), and lateral (intersegmental vessels) 
(figure 11, b). 
Finally, ZF xenografts were euthanised at 120 hpf by tricain 
overdose, and visual verification of the absence of heart rate was 
used as the method for death confirmation. For molecular analysis 
of disseminated cells in the individual CTC and CTC cluster ZF 
xenografts, tails were physically separated from the rest of the 
body after the euthanasia for tumour cell isolation. Tails of each 
xenograft population were pooled in a 1.5 mL tube (Axygen). 
Each pool of tails was washed twice with PBS (Biowest), and 
later enzymatically and mechanically digested by using 100 µL 
of 0.25% Trypsin-EDTA (Lonza) in DMEM High Glucose 
(Biowest) at 37 °C, and by up-and-down pipetting for 10-15 
minutes. After tissue digestion, trypsin was neutralised by 400 µL 
of DMEM High Glucose (with 10% FBS), and the digested 
product was centrifuged at 700 g, for 5 minutes. Cells were 
washed with PBS and pelleted for performing RNA extraction. 
ZF experiments were excluded when the survival rate was 
less than 70%. A minimum of 30 embryos per group were 
included in each assay. 




Figure 11. Zebrafish (ZF) embryo xenografts. Representation of the 
workflow followed for the generation of ZF xenografts. Firstly, embryo 
dechorionation was performed. Secondly, cells as either individual or as 
CTC clusters were injected in the perivitelline space, next to the 
convergence of the Duct of Cuvier (DoC). Finally, cell dissemination to 
the caudal region was assessed at 0, 24, 48 and/or 72 hours post-
injection (hpi) (a). Tail division according to caudal vasculature. The 
caudal region was divided into three different sections, based on the 
vasculature: dorsal, lateral, and ventral (b).  
 
4.2. Mouse (Mus musculus) experiments 
Murine experimental procedures were approved by the 
Animal Experimentation Ethical Committee of the University of 
Santiago de Compostela (CEEA) (project: 15010/2019/002), 
according to the RD 53/2013 (see appendix ‘Favourable report 
Animal Experimentation Ethical Committee of the University of 
Santiago de Compostela (CEEA)’, ‘Animal experimentation 
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training certificate. B function (euthanasia)’, and ‘Animal 
experimentation training certificate. C function (animal 
procedures)’). Mice were obtained from Barcelona Biomedical 
Research Park (PRBB, Barcelona), or Charles River and hosted 
in the animal facilities of the Centre for Research in Molecular 
Medicine and Chronic Diseases (CIMUS, University of Santiago 
de Compostela) (REGA: ES150780275701), and in the 
Experimental Biomedicine Centre (CEBEGA, Santiago de 
Compostela) (REGA: ES150780292901), where they were 
provided with food and water ad libitum, according to the 
guidelines of the recipient centre. 
4.2.1. Mouse lung colonization assay 
To assess the lung colonization ability and tumour-
initiating capacity of the in vitro models of single cells and 
clusters, suspensions of 5x105 cells in 100µL of PBS of the cell 
line MDA-MB-231eGFP Luc were injected into the lateral tail vein 
of SCID BEIGE mice, either as single cells, or clusters. Tumour 
cell injection was performed in mice immobilized using a mouse 
restrainer device, and 1 mL syringes linked to 27 gauge needles 
(BD Medical). 
Then, colonization and tumour-initiating abilities were 
evaluated by quantifying the pulmonary metastatic incidence over 
time. Mice were monitored immediately after injection (1 h), as 
well as every 3-4 days, for 18 days. Lung tumour incidence was 
tracked by the bioluminescence emitted by the luciferase activity, 
when 15 mg/mL XenoLight D-Luciferin - K+ Salt 
Bioluminescent (PerkinElmer) were intra-peritoneally injected as 
a substrate at a final concentration of 10 µL/g of body weight. 
At the endpoint, mice were euthanized by CO2 inhalation, 
and cervical dislocation was used to confirm the death. 
Afterwards, lungs were perfused by tracheal infusion with 1% 
penicillin-streptomycin (Lonza) in PBS. Lungs were surgically 
removed and fixated in formol (VWR) to perform later 
histopathological analysis (figure 12). Histological analyses were 
performed in collaboration with the Translational Molecular 
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Pathology research group of the Vall d’Hebron Institute of 
Research (VHIR) (Barcelona). 
 
Figure 12. In vivo lung colonization assay. Tumour cell suspensions were 
injected in the lateral vein of the tail as either single CTCs or as CTC 
clusters. Metastatic incidence in the lungs was tracked over time by 
animal in vivo imaging. Finally, lungs were surgically removed for 
anatomopathological analysis. 
 
4.2.2. Mouse orthotopic BC xenografts  
Tumour cells from the MDA-MB-231eGFP Luc cell line 
were used for this model. A total of 2x106 cells resuspended in 60 
µL of a mixture 1:3 of DMEM and Matrigel Growth Factor 
Reduced (Corning) were injected into the mammary fat pad of 8-
week-old SCID BEIGE mice, using BD MicroFineTM 0.33 mm 
(29G) x 12.7 mm insulin syringes of 0.5 mL (BD Medical). 
Tumour progression was monitored weekly, during 9-10 
weeks using the IVIS Spectrum in vivo imaging system 
(PerkinElmer), and the Living Image Software (PerkinElmer). 
Animal monitoring was performed measuring by 
bioluminescence, by intra-peritoneally injecting 15 mg/mL of 
XenoLight D-Luciferin - K+ Salt Bioluminescent (PerkinElmer), 
to generate a final concentration of 10 µL/g of body weight. 
Once primary tumour (PT) and lung metastases were 
developed, mice were euthanised by inhalation of CO2, and 
INÉS MARTÍNEZ PENA 
120 
 
cervical dislocation was used as the death confirmation method. 
Afterwards, blood samples were collected by cardiac puncture 
using insulin syringes and BD Vacuntainer K2 EDTA Blood 
Collection tubes (BD), or CellSave Preservative tubes (Menarini 
Silicon Biosystems). Murine blood samples were processed in the 
epitope-independent CTC isolation system ParsortixTM (Angle 
plc). Isolated CTC were fixed with PFA 2% for 30 minutes, 
washed with PBS, and pelleted in a final volume of 100 µL. 
Harvested cells from ParsortixTM were later individualised by the 
DEPArrayTM system (Menarini Silicon Biosystems). These cells 
were used to perform genomic analysis by Whole Exome 
Sequencing (WES). 
Moreover, primary tumours and lungs were also preserved in 
formol (VWR) and washed with ethanol (VWR) for performing 
anatomopathological (AP) examination (figure 13).  
 
Figure 13. Orthotopic BC model workflow. MDA-MB-231eGFP Luc cells were 
injected into the mammary fat pad of immunocompromised SCID BEIGE 
female mice. Tumour progression was monitored over time. Primary 
tumour (PT) and lungs were surgically removed for later gene expression 
and anathomopathological (AP) analyses. Besides, blood samples were 
collected for CTC isolation in the ParsortixTM system. Isolated CTCs and 
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CTC clusters were used for genomic analyses, and for the obtention of an 
ex vivo CTC derived cell line. 
 
4.3. mCTC cell line generation 
Moreover, a cell line was generated from CTCs isolated from 
the blood of one MDA-MB-231eGFP Luc orthotopically injected 
mouse. For this, blood was processed using the negative selection 
kit EasySepTM Mouse T Cell Isolation Kit (StemCell 
Technologies) for CTC isolation. Isolated cells were initially 
cultured in a low-attachment 96-well plate (Corning), using 200 
µL MammocultTM (StemCell Technologies), supplemented with 
hydrocortisone (0.48 µg/mL), heparin (4 µg/mL), bFGF (20 
ng/mL), EGF (20 ng/mL), B27 supplement (4% v/v), 
progesterone (0.4 µg/mL), β-estradiol (0.4 µg/mL), ultraGROTM 
(5% v/v), and P/S (1% v/v). Isolated cells were cultured under 
hypoxic conditions, at 37 °C for a week. Cell culture media was 
renewed every two days. Afterwards, cells were cultured under 
low-attachment normoxic conditions (5% CO2), at 37°C, and with 
supplemented MammocultTM. These cells grew indefinitely 
generating cellular aggregates and establishing a cell line called 
mCTC. 
 
5. MOLECULAR CHARACTERISATION 
5.1. Gene expression analysis 
To perform RNA extraction from the digested tissue of ZF 
tails, RNeasy Micro kit (Qiagen) was used, according to the 
manufacturer’s instruction.  
RNA quantification was done in the Nanodrop OneC 
Microvolume UV-Vis Spectrophotometer (FisherScientific). 
Additionally, RNA sample quality and integrity was evaluated 
using the 4200 TapeStation System (Agilent Technologies) and 
the TapeStation software (Agilent Technologies), in the case of 
RNA samples whose expression was studied by RNAsequencing. 
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Equal amounts of RNA were used for generating the cDNA 
by reverse transcription PCR (RT-PCR). cDNA was obtained by 
using the enzyme Moloney Murine Leukemia Virus Reverse 
Transcriptase (M-MLV RT), 200 U/µL (ThermoFisher 
Scientific), following the manufacturer’s protocol. In biological 
samples with limited availability of material that generated low 
RNA recoveries, cDNA was generated by the enzyme 
SuperScript III Reverse Transcriptase (SSIII RT), 200 U/µL 
(ThermoFisher Scientific). Afterwards, cDNA samples were 
preamplified with the Taqman Preamp Master Mix 
(ThermoFisher Scientific) and a pool of Taqman probes. This 
preamplification step was performed with 14 reaction cycles. 
cDNA samples were analysed in a LightCycler 480 II (Roche 
Diagnostics) (table 5), with Taqman Gene Expression Master Mix 
(Applied Biosystems, ThermoFisher Scientific), and Taqman 
Gene Expression Assays (Applied Biosystems, ThermoFisher 
Scientific) (table 6). cDNA obtained from M-MLV RT was 
diluted 1:20 in Braun water (Braun) for qPCR analysis, while 
cDNA generated by SSIII RT was diluted 1:5. 
qPCR amplification was designed for 45 amplification 
cycles, with the following steps:  
Table 5. Conditions set for the RT-qPCR. 
Step Temperature Time 
Pre-amplification 95 °C 10 minutes 
 
Amplification 
(x 45 cycles) 
Denaturation 95 °C 10 seconds 
Annealing 60 °C 30 seconds 
Extension 72 °C 1 second 
Cooling 40 °C 30 seconds 
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For data analysis, gene expression levels were determined 
relative to the average expression of two different housekeeping 
genes. Specifically, Glyceraldehyde-3-Phosphate Dehydrogenase 
(GAPDH), and Beta-2-Microglobulin (β2M) were used as 
housekeeping genes. 
For disseminated cells in the ZF xenografts, the following 
genes were analysed: 
Table 6. List of genes analysed in the disseminated cells of ZF xenografts 
injected with either, individual CTCs or CTC clusters. 
Gene Taqman assay Function 
B2M Hs00187842_m1 Housekeeping gene 
BAX Hs00180269_m1 Apoptosis 
CCND1 Hs00765553_m1 Cell cycle regulation 










GAPDH Hs99999905_m1 Housekeeping gene 
ITGA6 (CD49f) Hs01041011_m1 Stem 
JUP Hs00158408_m1 Cell junction 
MKI67 Hs01032443_m1 Proliferation 
PLAU Hs01547054_m1 Urokinase 
VIM Hs00958116_m1 EMT 
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5.2. RNA-sequencing (RNA-seq) análisis 
For RNA-seq analysis, RNA samples extracted from paired 
cell lines derived from murine BC primary tumour and lung 
metastases were prepared for sequencing at the Wellcome Centre 
for Human Genetics (WHG), Oxford University. Samples were 
analysed using the Illumina HiSeq4000 Paired-End system and 
the GRCh37.EBVB95-8wt.ERCC, as the reference genome. 
Afterwards, RNA-seq data were analysed by the Bioinformatics 
Services of the Salamanca University (USAL). Data analysis was 
focused on the identification of differentially expressed genes 
between paired cell lines, as well as on the study of the functional 
enrichment of the genes with differential expression. On the one 
hand, differential expression analysis was performed using the 
DeSeq2 statistical package from R software (3.4.3 version).  On 
the other hand, functional analyses were done by using the USAL 
Bioinformatics Service databases, which were downloaded from 
National Centre for Biotechnology Information (NCBI). 
RNA samples of the mCTC cell line and the ‘231ULA’ 
population were sent for sequencing to Macrogen Inc.. Samples 
were sequenced in the Illumina NovaSeq 6000 System, 150 
paired-end reads (2x 150 bp), 100 M total reads. The expression 
profile was determined and expressed as FPKM (Fragment per 
Kilobase of transcript per Million mapped reads), RPKM (Reads 
Per Kilobase of transcript per Million mapped reads), and TPM 
(Transcripts Per Kilobase Million). Differentially expressed 
genes were analysed using DeseqR, using the cut-off: FC (fold 
change) ≥ 2, and p value < 0.05. Graphical representation of the 
differently expressed genes was performed with the FunRich 
(Functional Enrichment Analysis tool) software. 
5.3. Genomic analysis (WES, whole exome sequencing) 
Genomic studies from single CTCs and CTC clusters isolated 
from murine BC blood samples were performed in collaboration 
with the Phylogenomics research group of the Biomedical 
Research Centre (CINBIO), in the University of Vigo, headed by 
Prof. David Posada González. Briefly, CTCs and CTC clusters 
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isolated from blood samples of tumour-bearing mice were 
individualised by DEPArrayTM (Menarini Silicon Biosystems). 
The whole exome of the individualised single CTCs (x7) and 
CTC clusters (x7) was amplified with the Ampli1TM WGS Kit 
(Menarini Silicon Biosystems) and the integrity of the DNA 
checked using the Ampli1TM QC Kit (Menarini Silicon 
Biosystems). DNA samples were sent to Oxford Genomics 
Centre (University of Oxford) for sequencing in an Illumina 
HiSeq4000 150 Paired-End ant the GRCh37.EBVB95-
8wt.ERCC genome was used as the reference genome. 
 
6. DATA ANALYSIS 
For the study of CTC and CTC clusters in our cohort of BC 
patients, progression-free survival (PFS), and overall survival 
(OS) were the endpoints studied. PFS corresponded to the period 
of time between sample collection and the diagnosis of metastasis 
or death, while OS was the time between blood sample collection 
and the date of death. Moreover, those patients without an 
endpoint during follow up were eliminated from the study. 
Survival studies were done with the Kaplan-Meier method, and 
the log-rank test was used for statistical comparison between 
groups. Hazard ratios (HR) were used to determine correlations 
between the number of CTC and CTC clusters with PFS and OS, 
and 95% confidence intervals (CI) were obtained with univariate 
and multivariate Cox proportional hazard models. Multivariate 
Cox studies were adjusted by age, ECOG (Eastern Cooperative 
Oncology Group) status, breast cancer subtype, number of 
metastatic sites, location of metastases, and treatments. 
Moreover, CTC characteristics, such as CTC cluster presence, 
were compared at different timepoints and across different breast 
cancer subtypes by applying the Pearson Chi-squared analysis. 
Data from this cohort were analysed using the free software ‘R’ 
version 3.4.4, and the software GraphPad Prism 6.01 version 
(GraphPad Software).  
Microscopy images were obtained with the LAS X software 
(Leica Microsystems) and analysed using the free software 
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ImageJ (NIH Image). Additionally, numerical data as the result 
of quantifications and measurements, their statistical analysis, as 
well as their graphical representation, were performed with the 
software GraphPad Prism 6.01 version (GraphPad Software). 
Data from in vitro assays were statistically analysed using the 
Mann-Whitney test (non-parametric test for unpaired samples), 
except for FSS experiments, in which multiple t-test analysis was 
performed. ZF in vivo experiments were analysed by the 
Wilcoxon test (non-parametric test for paired samples) when 
comparing different timepoints within the same group, and by the 
Mann-Whitney test for comparisons between different groups. 
Besides, Mann-Whitney test was also applied for statistical 
analysis of murine breast cancer models. 
Finally, molecular data obtained by qPCR was statistically 
analysed by Mann-Whitney test for comparison between groups.  
















1. CTC CLUSTER DETECTION IN SAMPLES DERIVED FROM 
METASTATIC BREAST CANCER PATIENTS 
1.1. CTC and CTC cluster enumeration in peripheral blood 
samples 
Peripheral blood samples (or liquid biopsy samples) were collected 
to evaluate the relevance of CTC and CTC cluster enumeration as a 
prognostic factor of the outcome of a cohort of unselected mBC 
patients. 
1.1.1. Cohort description: patient characteristics 
A total number of 54 unselected female mBC patients were 
included in the cohort. Within this cohort, 27 patients (50.9%) were 
defined as having Hormone Receptor positive and Human Epidermal 
Growth Factor Receptor-2 negative (HR+/HER2-) tumours; 11 patients 
(20.8%) were determined as having HER2+ tumours; and 15 (28.3%) 
were defined as having triple-negative tumours (HR-/HER2-). 
Moreover, 1 patient showed undetermined levels of HER2 histological 
staining. The follow up period from baseline for alive patients varied 
from 22 to 603 days, and the median follow up time was 197 days. 
Besides, 40 patients (74.1%) had visceral metastases, while 14 patients 
(25.9%) showed non-visceral metastases. Visceral metastases included 
lung, liver, peritoneal and/or pleural location of metastatic lesions. Non-
visceral metastases referred to lymph node and/or bone involvement. 
 Eastern Cooperative Oncology Group (ECOG) performance status 
was also determined at baseline for this cohort of patients. ECOG is a 
standardised method to measure the impact of the disease in the daily 
routine of patients. According to the ECOG performance status, 18 
patients (33.3%) were fully active, and able to continue performing all 
the activities without restriction (grade 0); 31 patients (57.4%) showed 




but were able to perform light or sedentary activities (grade 1); while 5 
patients (9.3%) were able to do all selfcare activities but were unable to 
do work activities, and were up and about more than 50% of waking 
hours (grade 2). 
Moreover, NHG (Nottingham Histological Grade) was used to 
determine the characteristics of primary tumour, based on 
tubular/glandular formation, tumour cell mitotic activity, and tumour 
cell nuclear pleomorphism. NHG scale showed that 4 patients (7.4%) 
had a well differentiated primary tumour (grade I); 26 patients (48.1%) 
showed a moderately differentiated tumour, while 15 patients (27.8%) 
had a poorly differentiated primary tumour. Besides, 9 patients (16.7%) 
had an unknown primary tumour NHG status. Table 7 describe in detail 
patient characteristics. 
Table 7. Patient characteristics (n = 54). 
Variables Total, n (%) 
Mean age (years) 58.5 
< 65 years 34 (63.0) 
≥ 65 years 20 (37.0) 
Tumour stage  
IV 54 (100.0) 
Baseline ECOG  
0 18 (33.3) 
1 31 (57.4) 
2 5 (9.3) 
Primary Tumour NHG  
I 4 (7.4) 
II 26 (48.1) 
III 15 (27.8) 
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Unknown 9 (16.7) 
Breast cancer subtypes  
HR+/HER2- 27 (50.9) 
HER2+ 11 (20.8) 
HR-HER2- (TNBC) 15 (25.8) 
Unknown 1 (1.8) 
Site of metastases *  
Visceral 40 (74.1) 
Non-visceral 14 (25.9) 
Number of metastatic sites  
< 3 29 (53.7) 
≥ 3 25 (46.3) 
First line of systemic therapy (n = 44)  
Chemotherapy 23 (52.3) 
Hormonal therapy 15 (34.1) 
Target therapy ** 6 (13.6) 
Other lines (n = 10)  
Chemotherapy 8 (80.0) 
Hormonal therapy 1 (10.0) 
Target therapy ** 1 (10.0) 
Abbreviations: ECOG Eastern Cooperative Oncology Group; NHG Nottingham 
Histologic Grade; HR Hormone Receptor; HER2 Human Epidermal growth factor 
Receptor-2; TNBC Triple-Negative Breast Cancer. 
*Visceral metastases include lung, liver, peritoneal and/or pleural locations. Non-
visceral metastases refer to lymph node and/or bone involvement. **In 





1.1.2. CTC and CTC cluster enumeration and correlation with 
clinicopathological variables 
A total number of 96 peripheral blood samples were used for 
individual CTC and CTC cluster detection. These liquid biopsy samples 
derived from 54 different patients that were recruited at baseline, 38 of 
whom had follow up sample collection. Baseline samples were 
collected before starting first line of systemic therapy, or before starting 
a new line of therapy (figure 14). The FDA-approved CellSearch® 
system allowed the detection and enumeration of CTCs and CTC 
clusters in these peripheral blood samples. 
 
Figure 14. CONSORT flow diagram of the cohort of metastatic breast cancer 
(mBC) patients. Patients are stratified according to the presence or absence of 
CTCs and CTC clusters at baseline and during follow-up. N refers to the number 
of patients. 
 
At baseline, 43 patients (79.7%) showed presence of CTCs, while 
11 (20.4%) had no detectable CTCs in their blood. Besides, 12 (22.2%) 
of those patients positive for CTCs at baseline, showed less than 5 CTCs 
per 7.5 mL of blood; while 31 of them (57.4%) had 5 or more CTCs, 
and 14 patients (25.9%) showed at least one CTC cluster (a group of 
cells made up of ≥ 2 CTCs). 
During follow up, 16 (42.1%) patients showed no detectable CTCs, 
and 22 (57.9%) of them were positive for CTCs. Moreover, 13 (34.2%) 
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of the CTC positive patients had ≥ 5 CTC/7.5 mL, and 7 (18.4%) of 
them had at least one CTC cluster in their blood (table 8). 
Table 8. Analysis of CTC and CTC clusters in the study cohort. 
Baseline n = 54 Percent (%) Mean Min-Max 
CTCs 43 79.2 183.1 1-1970 
CTCs ≥5 31 57.4 253.1 5-1970 
CTC cluster ≥1 14 25.9 4.28 1-14 
Follow up n = 38    
CTCs 22 57.9 95.6 1-969 
CTCs ≥5 13 34.2 160.6 5-969 
CTC cluster ≥1 7 18.4 12.71 1-74 
 
It should be highlighted that CTC clusters were exclusively 
detected in those patients with ≥ 5 CTCs per 7.5 mL of blood in both, 
at baseline (14/31), and during follow up (7/13). The presence of ≥ 1 
CTC cluster was associated with the number of individual CTCs 
detected (figure 15). In addition, it was found a higher frequency of 
patients with ≥ 5 CTCs and CTC clusters in the HR+/HER2- BC 
subtype. Nevertheless, no significant correlation was found between 
CTC and CTC cluster detection and BC subtype at baseline, neither 
during follow up (table 9). Besides, it was not found a correlation 
between the distribution of CTCs and CTC clusters regarding the 
number and location of metastatic lesions. 
Hence, CTC clusters are a subpopulation of low frequency within 
CTCs in mBC patients. The presence of CTC clusters is more likely in 






Figure 15. Association between the number of CTCs and the presence or 
absence of CTC clusters. Box plots of the association between the number of 
CTCs and the presence/absence of CTC clusters at baseline (a), and during 
follow up (b). Representative images of CTC clusters isolated from the 
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BC subtype (%) 
p 
value 
HR+/HER2- HER2+ HR-/HER2- Undet. 
Baseline  n = 27 n = 11 n = 15 n = 1  
CTCs/7.5 mL      0.861 
< 5 CTCs 23 (100.0) 12 (52.2) 4 (17.4) 7 (30.4) 0 (0)  
≥ 5 CTCs 31 (100.0) 15 (48.4) 7 (22.6) 8 (25.8) 1 (3.2)  
CTC clusters/7.5 mL     0.668 
No 40 (100.0) 21 (52.5) 7 (17.5) 11 (27.5) 1 (2.5)  
Yes 14 (100.0) 6 (42.9) 4 (28.6) 4 (28.6) 0 (0)  
Follow up  n = 19 n = 9 n = 9 n = 1  
CTCs/7.5 mL      0.583 
< 5 CTCs 25 (100.0) 11 (44.0) 7 (18.4) 6 (24.0) 1 (4.0)  
≥ 5 CTCs 13 (100.0) 8 (61.5) 2 (15.4) 3 (23.1) 0 (0)  
CTC clusters/7.5 mL     0.184 
No 31 (100.0) 15 (48.4) 9 (29.0) 6 (19.4) 1 (3.2)  
Yes 7 (100.0) 4 (57.1) 0 (0) 3 (42.9) 0 (0)  
Abbreviations: CTCs Circulating Tumour Cells; HR Hormone Receptors; HER2 Human 
Epidermal Growth Factor Receptor 2; Under. Undetermined 
 
1.1.3. CTC and CTC clusters as predictor factors of patient 
outcome  
Regarding the prognostic value of CTCs and CTC clusters in 
relation to PFS and OS, it was observed that patients with ≥ 5 CTCs/7.5 
mL of blood at baseline (31/54) had a tendency to show a lower PFS 




(figure 16, a, b). Moreover, Cox regression analysis showed that there 
was a higher risk of death in those patients with ≥ 5 CTCs/7.5 mL (HROS 
= 3.15; 95% CI: 1.16-5.55; p = 0.024) but not an increased risk of 
progression (HRPFS = 2.11; 95% CI: 0.95-4.69; p = 0.065), when 
compared with patients with < 5 CTCs/7.5 mL of blood (table 10). 
Nevertheless, both observations became statistically significant when 
the analysis was adjusted for other clinicopathological variables (table 
11). 
On the other hand, the CTC cluster-based analysis showed that 
those patients with ≥ 1 CTC cluster/7.5 mL of blood had a significantly 
higher risk of progression (HRPFS = 3.95; 95% CI: 1.80-8.68; p = 
0.0006) and death (HROS = 4.23; 95% CI: 1.8-10.1; p = 0.0009) (figure 
16, c, d). In fact, those patients showed a shorter OS and PFS (OS and 
PFS Plog-rank < 0.001). Besides, the significance of these observations 
was maintained when the analysis was adjusted for other 
clinicopathological parameters (table 11). 
During follow up, those patients with ≥ 5 CTCs/7.5 mL blood 
(13/38) did not show an increased risk of progression (HRPFS = 2.3; 
95% CI: 0.76-6.7; p = 0.15), neither a shorter PFS (Plog-rank > 0.05). 
However, they showed a higher risk of death (HROS = 5.3; 95% CI: 1.4-
21; p = 0.017), and a shorter OS (Plog-rank < 0.05), in comparison with 
patients who had < 5 CTCs/7.5 mL blood (table 10 and figure 16, e, f). 
These results were not significant when adjusted for other 
clinicopathological factors (table 11). 
The follow up analysis based on CTC cluster enumeration showed 
no differences in the PFS and OS between patients with or without CTC 
clusters in their blood samples. However, it was observed a tendency 
by which patients with ≥ 1 CTC cluster/7.5 mL blood had a higher risk 
of death (HROS = 3.0) (table 10 and figure 16, g, h). 







Figure 16. Correlation between CTC and CTC clusters and patient survival at 
baseline and during follow up. Kaplan-Meier curves show progression-free 
survival (PFS) and overall survival (OS) based on CTC counts (≥ 5CTCs/7.5mL) at 
baseline (a, b), and CTC cluster enumeration (≥ 1CTC cluster/7.5mL) (c, d). 
During follow up, PFS and OS are depicted based on CTC counts (e, f), and CTC 
cluster enumeration (g, h). 
 





HR (95% CI) 
p 
value 




Baseline       
Associated with PFS      
CTCs/7.5 mL      
< 5 CTCs 23 11 (47.8) 1.00 0.0649 1.00 0.022 





CTC clusters/7.5 mL      
No 40 18 (45.0) 1.00 0.0006 1.00 0.005 
Yes 14 11 (78.6) 3.95 
(1.80-8.68) 
 4.46  
(1.55-12.8) 
 
Associated with OS      
CTCs/7.5 mL      
< 5 CTCs 23 6 (26.1) 1.00 0.024 1.00 0.027 





CTC clusters/7.5 mL      
No 40 13 (32.5) 1.00 0.0009 1.00 0.004 





Follow up       
Associated with PFS      
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CTCs/7.5 mL      
< 5 CTCs 23 8 (32.0) 1.00 0.15 1.00 0.29 





CTC clusters/7.5 mL      
No 31 11 (35.5) 1.00 0.33 1.00 0.023 





Associated with OS      
CTCs/7.5 mL      
< 5 CTCs 25 3 (12.0) 1.00 0.017 1.00 0.996 
≥ 5 CTCs 13 7 (53.8) 5.3 (1.4-21)  9.6x1017 
(0.0-Inf) 
 
CTC clusters/7.5 mL      
No 31 6 (19.4) 1.00 0.09 1.00 0.006 





Abbreviations: CTC Circulating Tumour Cell; PFS Progression-Free Survival; OS Overall 
Survival; HR Hazard Ratio; CI Confidence Interval; Inf. Infinity 
* Adjusted for age, ECOG, subtype, number of metastatic sites, location of 












Table 11. Multivariate Cox regression analysis of prognostic variables included 





p value HR 
(95% CI) 
p value * 
Age at baseline     
< 65 1.0 0.15 1.0 0.27 














Number of metastatic sites 
   
< 3 1.0 0.18 1.0 0.12 





Site of metastasis    






BC subtype     











Treatment     











Abbreviations: HR Hazard Ratio, and Hormone Receptor; PFS Progression-
Free Survival; OS Overall Survival; CI Confidence interval; ECOG Eastern 
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Cooperative Oncology Group; HER2 Human Epidermal Growth Factor 
Receptor 2 
*Adjusted for age, ECOG, BC subtype, number of metastatic lesions, site 
of metastasis, and treatment. 
In addition, it was assessed the combined effect of CTC and CTC 
cluster enumeration on the ability to predict patient outcome in our 
cohort. For this purpose, it was established three different risk groups: 
< 5 CTCs with no CTC clusters (low-risk), ≥ 5 CTCs without any CTC 
cluster (medium-risk), and ≥ 5 CTCs with ≥ 1 CTC cluster (high-risk). 
At baseline, high-risk patients showed a shorter PFS and OS (PFS 
and OS Plog-rank < 0.01), as well as an increased risk of progression and 
death (HRPFS = 4.3; 95% CI: 1.76-10.6; p = 0.0013; and HROS = 5.8; 
95% CI: 1.96-17.1; p = 0.0014), when compared with low-risk patients. 
However, the medium-risk group did not show a higher risk of 
progression (HRPFS = 1.24; 95% CI: 0.47-3.24; p = 0.66), neither of 
mortality (HROS = 1.8; 95% CI: 0.59-5.98; p = 0.28), in comparison 
with the low-risk group of patients. Besides, CTC cluster enumeration 
maintained its prognostic value in the multivariate analysis, after 
adjusting the analysis for different clinicopathological variables. This 
included the site of metastasis, which was the only significant 
prognostic marker for this cohort of patients (table 11).  
Medium-risk and high-risk patients had a significantly shorter OS 
during follow up, compared with low-risk patients (HROS = 5.71; 95% 
CI: 1.11-29.42, p = 0.037, and HROS = 5.0; 95% CI: 1.11-22.40; p = 
0.035, respectively) (table 12 and figure 17). Nevertheless, the 
significance previously observed was not maintained in the multivariate 





Figure 17. Progression-free survival (PFS) and overall survival (OS) in three 
different risk groups established based on CTC and CTC cluster enumeration. 
Patients with < 5 CTCs/7.5 mL were considered as low-risk, patients with ≥ 
5CTCs/7.5 mL but no CTC clusters were classified as medium-risk, and patients 
with ≥ 5CTCs/7.5 mL and at least 1 CTC cluster corresponded to the high-risk 
group. Kaplan-Meier curves show PFS and OS of these groups at baseline (a, b), 
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Table 12. Study of the joint effect of CTCs and CTC clusters with patient 












Joint effect of CTC and CTC clusters: Baseline 
Associated with PFS     




23 9 (39.13) 1.00  1.00  











≥ 5 CTCs, 
≥ 1 CTC 
cluster 







Associated with OS     




23 6 (26.1) 1.00  1.00  









≥ 5 CTCs, 
≥1 CTC 
cluster 





Joint effect of CTC and CTC clusters: Follow up 
Associated with PFS     




25 8 (32.0) 1.00  1.00  
≥ 5 CTCs 
and NO 












≥ 5 CTCs, 
≥ 1 CTC 
cluster 







Associated with OS     




25 3 (12.0) 1.00  1.00  











≥ 5 CTCs, 
≥ 1 CTC 
cluster 







Abbreviations: CTC Circulating Tumour Cell; PFS Progression-Free Survival; OS 
Overall Survival; HR Hazard Ratio; CI Confidence Interval; Inf. Infinity. 
*Adjusted for age, ECOG, BC subtype, number of metastatic sites, metastases 
location, and treatment.  
 
Furthermore, mBC liquid biopsy samples were used to study the 
clinical prognostic value of CTC cluster enumeration over time. To this 
end, the continued presence of CTC clusters throughout time was 
studied, regarding survival variables, PFS and OS. In our cohort and 
among the patients with ≥1CTC (n = 43, only 2 patients (4.4%) had 
detectable CTC clusters at two different timepoints, 16 (35.6%) had 
CTC clusters in one timepoint, and 27 (60.0%) only had individual 
CTCs (figure 18, a). In terms of PFS, it was observed a shorter PFS time 
in patients with presence of CTC clusters in their blood, in comparison 
with those who only had individual CTCs (Plog-rank = 0.017) (figure 18, 
b). Nevertheless, it was only observed a significantly increased risk of 
progression in those patients with CTC clusters at one timepoint (HRPFS 
= 2.8; 95% CI: 1.22-6.34; p = 0.014). Moreover, those patients with 
detection of CTC clusters in one or two different timepoints had a 
significantly lower OS (Plog-rank = 0.007) (figure 18, c), and an increased 
risk of death (HROS = 3.3; 95% CI: 1.29-8.6; p = 0.012 for one 
timepoint, and HROS = 6.5; 95% CI: 1.31-32.7; p = 0.021). 




Figure 18. Longitudinal analysis of CTCs and CTC clusters. Percentage of 
patients with individual CTCs only (dark bar), with CTC clusters at 1 timepoint 
(light grey) and with CTC clusters at 2 timepoints (dark grey) (a). Kaplan-Meier 
curves of progression-free survival (PFS) and overall survival (OS), according to 
the presence of single CTCs only, CTC clusters at 1 timepoint or CTC clusters at 
2 timepoints (b, c). 
 
Therefore, these results denoted that CTC cluster enumeration at 
baseline is an independent prognostic marker, that provides additional 
value to CTC enumeration alone in this cohort of mBC patients in those 
patients with high CTC detection. Besides, the maintained presence of 
CTC clusters in the peripheral blood of mBC is associated with a worse 
disease outcome, as they are associated with a shorter survival. 
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1.2. Optimization of ParsortixTM immuno-independent 
detection of CTCs and CTC clusters in BC liquid biopsy 
samples 
1.2.1. Metastatic BC peripheral blood samples 
As previously demonstrated, the FDA-approved CellSearch® 
system has highlighted the importance of CTC and CTC cluster 
enumeration for predicting mBC patient outcome. However, this 
system presents some limitations as it does not allow the recovery of 
CTCs and CTC clusters in a viable state, thus limiting the analysis that 
could be performed with the enriched CTCs and CTC clusters, and it 
does not allow the optimization of protocols for the isolation of CTC 
clusters.  Given the limitations of this immune-dependent CTC isolation 
system, peripheral blood samples from mBC patients were also used to 
optimise a workflow for CTC and especially CTC cluster isolation in 
an immune-independent manner, using the ParsortixTM system. 
ParsortixTM is a microfluidic device that isolates CTCs based on their 
larger size and lower deformability, in comparison with blood cells. 
ParsortixTM allows the isolation of CTC clusters, as it was previously 





Figure 19. Overview of a ParsortixTM cassette. The sample flows through 
serpentine channels. These channels have a stair-like silhouette that finishes in 
a 6.5 µm gap in which CTCs are capture, while the rest of blood cells flow 
through. Red arrows indicate the direction of the flow inside the cassette. 
Image used with permission of Angle plc. 
Firstly, we tried to isolate, and detect CTCs and especially CTC 
clusters from mBC patient liquid biopsy samples (n = 3) (table 13). For 
this purpose, a ParsortixTM separation protocol (named ‘cluster 
separation protocol’) with low pressure and reduced flow was used to 
minimise CTC cluster disaggregation during CTC capture. Secondly, a 
previously optimised live cell immunostaining was used to identify the 
captured CTCs and CTC clusters in the ParsortixTM. This in-cassette 
immunostaining included a conjugated cocktail of antibodies against 
the epithelial markers Epithelial Cell Adhesion Molecule (EpCAM), 
Epidermal Growth Factor Receptor (EGFR), and E-cadherin (E-cad). 
Besides, an antibody against the leukocyte marker CD45, as well as the 
double-stranded DNA nuclear dye NucBlueTM Live ReadyProbesTM 
Reagent was used. Thus, CTCs and CTC clusters were defined as 
isolated cells with the following phenotype: EpCAM/EGFR/E-cad+, 
NucBlue+ and CD45-. Moreover, a CTC cluster was defined by the 
presence of a group made up of ≥ 2 tumour cells. Hence, this workflow 
allowed the identification of both, putative CTCs and CTC clusters as 
a proof-of-concept experiment in a small number of patients (table 13 
and figure 20). 
Table 13. mBC peripheral blood samples used for CTC and CTC cluster 




 CTCs CTC clusters 
UM176MV1 HER2+ 57 60 
UM196MV1 HR+/HER2- 500 179 
UM88MV3 HR+/HER2- 9 7 
Abbreviations: BC Breast Cancer; CTC Circulating Tumour Cell; HER2 Human 
Epidermal growth factor Receptor 2; HR Hormone Receptor 
 





Figure 20. Representative images of single CTCs and CTC clusters isolated from 
the peripheral blood samples of mBC patients. Scale bars: 50 µm. 
 
Thus, it was possible to establish a workflow that allows CTC 




the immune-based CTC capture, CTC isolation based on their 
differential physical properties allowed the recovery of CTCs in a 
viable state as they are positive for NucBlue Live Cell Stain, potentially 
extending the amount of downstream analysis. It also may increase the 
likelihood of detecting a more heterogeneous CTC population, although 
for this, antibodies against other epitopes should be used. 
1.2.2. Metastatic BC Diagnostic Leukapheresis (DLA) 
products  
Despite the utility of peripheral blood samples for CTC and 
CTC cluster isolation, there is still a limitation regarding the low 
amount of biological material obtained for downstream analysis. This 
slows down the advancement of our knowledge in the biology of CTCs 
and CTC clusters. Therefore, alternative liquid biopsy samples, such as 
Diagnostic Leukapheresis (DLA) products, are being used to maximise 
the capture of CTCs. DLA is a standard density-based methodology 
used in the clinic for the isolation of mononuclear cells (MNCs) by 
continuous centrifugation of large volumes of blood (figure 21). It was 
recently proposed that CTCs could be co-isolated together with the 
MNCs during this centrifugation, as they have a similar density to 
MNCs. Hence, in comparison with peripheral blood samples, DLA 
products would increase the likelihood of CTC detection, as they come 
from the processing of large volumes of blood. 




Figure 21. Graphical representation of a patient during DLA. 
 
In collaboration with the group of Translational Research in 
Gynaecology of the Heinrich-Heine University (Düsseldorf, Germany), 
headed by Prof. Dr. rer. nat. Hans Neubauer, we worked with DLA 
products from mBC patients. DLA samples have a cellularity of 5x107 
MNCs/mL, while peripheral blood samples show a cellularity of 0.5-
3x106 cells/mL of blood. Due to the high cellularity of DLA samples, a 
suitable optimization of the workflow is essential for the successful 
detection of CTCs and CTC clusters in DLA products. DLA products 
were used to optimise a workflow for DLA sample processing, and for 
testing the feasibility of CTC cluster isolation as there was no previous 
data on the presence of CTC clusters in these samples. We used mBC 
DLA samples which resulted negative for CTCs in the CellSearch® 
system, and that we called DLACTC-. These samples were initially 
utilised to select the most suitable CTC isolation protocol for DLA 
separation in the ParsortixTM system. To this end, each DLACTC- sample 
was divided into two halves, and a known number of MDA-MB-
231eGFP Luc or MCF-7 eGFP Luc cells, either as individual cells (to mimic 
single CTCs) or as cellular aggregates (CTC clusters), were spiked into 
each of them. Two different separation protocols were compared: a 
standard protocol (pressure: 99 mbar), and a separation protocol 




(‘cluster separation protocol’, previously mentioned. Pressure: 50 
mbar). Afterwards, tumour cells were captured in the ParsortixTM 
system, and individual CTCs (figure 22) and CTC cluster (figure 23) 
were counted after separation, and after the harvesting steps. Moreover, 
it was determined a prediction of the harvesting recovery efficiency. 
 
Figure 22. Representative images of MDA-MB-231eGFP Luc and MCF-7eGFP Luc 
individual cells isolated from DLA spiking samples. Scale bars: 50 µm. 
 




Figure 23. Representative images of MDA-MB-231eGFP Luc and MCF-7eGFP Luc CTC 
clusters isolated from DLA spiking samples. Scale bars: 50 µm. 
 
MDA-MB-231eGFP Luc spiking showed an individual CTC isolation 
efficiency of 69.44% (75/108) with standard protocol, and 89.58% 
(86/96) for ‘cluster protocol’. After harvesting, 32.41% (35/108) of 
individual cells remained inside the ParsortixTM cassette with the 
standard protocol, while 65.63% (63/96) of individual cells remained in 
the cassette after using the ‘cluster protocol’. Hence, the predicted 
recovery for individual CTC detection was 37.04% (40/108), and 
23.96% (23/96), respectively (table 14 and figure 24). Regarding CTC 
cluster isolation, the standard protocol captured 30.77% (24/78) of the 
initially spiked clusters, while 61.90% (52/84) of CTC clusters were 
captured with the ‘cluster separation protocol’. However, the recovery 
efficiency was better in the case of the standard protocol, as only 6.41% 




recovery of 24.36%, or 19/78), while 42.86% (36/84) of CTC clusters 
stayed inside the cassette after the harvesting step with the ‘cluster 
protocol’ (predicted recovery of 19.05%, that is 16/84) (figure 24 and 
table 14). 
 
Figure 24. Comparison between standard and cluster separation protocols for 
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Table 14. Total number of cells and isolation and recovery efficiencies of MDA-
MB-231eGFP Luc single CTC and CTC cluster detection with standard and cluster 
separation protocols. Percentages are expressed relative to the initial number 
of spiked cells. 
 MDA-MB-231eGFP Luc 










Spiked 108 (100%) 78 (100%) 96 (100%) 84 (100%) 




35 (32.41%) 5 (6.41%) 63 (65.63%) 36 (42.86%) 
Predicted 
recovery 
40 (37.04%) 19 (24.36%) 23 (23.96%) 16 (19.05%) 
 
 
DLACTC- samples spiked with MCF-7
eGFP Luc cell line showed that 
91.85% (124/135) of spiked individual cells were captured with the 
standard protocol, while only 39.67% (48/121) of the cells were isolated 
using the ‘cluster protocol’. Nevertheless, there were notable 
differences in terms of recovery efficiencies between both protocols. 
Standard protocol showed that 71.85% (97/135) of the cells were 
trapped in the cassette after the recovery (predicted recovery of 20.00%, 
that is 27/135). With ‘cluster protocol’, 11.57% (14/121) of cells were 
present inside the cassette after the recovery step (predicted recovery of 
28.10%, or 34/121) (table 15 and figure 25). In the case of epithelial-
like CTC cluster isolation, 77.03% (57/74) of CTC clusters were 
captured with the standard protocol, while only 23.26% (20/86) of the 
initially spiked CTC clusters were isolated with the ‘cluster protocol’. 
In terms of recovery efficiency, standard protocol seemed to be more 
efficient than ‘cluster protocol’. With standard separation protocol 
25.68% (19/74) of CTC clusters remained in the cassette after 
harvesting, having a predicted recovery of 51.35% (38/74). On the 




recovery with the ‘cluster protocol’ and showed a predicted recovery of 
15.12% (13/86) relative to the initial number of spiked CTC clusters 
(figure 25 and table 15). 
 
Figure 25. Comparison between standard and cluster separation protocols for 
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Table 15. Total number of cells and isolation and recovery efficiencies of MCF-
7eGFP Luc single CTC and CTC cluster detection with standard and cluster 
separation protocols. Percentages are expressed relative to the initial number 
of spiked cells. 
 MCF-7eGFP Luc 


















97 (71.85%) 19 (25.68%) 14 (11.57%) 7 (8.14%) 
Predicted 
recovery 
27 (20.00%) 38 (51.35%) 34 (28.10%) 13 (15.12%) 
 
Taken into consideration these preliminary results, it was 
concluded that the ‘cluster separation protocol’ was less suitable for 
DLA samples, as it generated both, lower CTC isolation and lower CTC 
recovery than the standard protocol. Besides, the high cellularity of 
DLA samples increased the risk of ParsortixTM blocking during CTC 
separation due to the formation of cell aggregates. This together with 
the reduced flow rate of the ‘cluster separation protocol’ allowed the 
blockage of the system more easily and limited the efficiency of the 
process. Hence, the standard protocol was chosen as the most suitable 
for CTC and CTC cluster isolation from DLA samples. 
Likewise, given the high cellularity of DLA products, sample 
filtration using a 100µm cell strainer before CTC isolation in the 
ParsortixTM system is an essential step. This avoids the presence of large 
cell aggregates that otherwise would block the ParsortixTM system 
easily, leading to a decrease in the efficiency of the process. However, 




disaggregation, thus partially limiting the efficiency of CTC cluster 
isolation. Hence, we evaluated the potential effect of filtration in CTC 
and CTC cluster detection. For this, each DLACTC- sample was split into 
two halves. A known number of MDA-MB-231eGFP Luc cells were added 
to each half as both, either as individual cells and as small cellular 
groups. One of the halves was filtered with a 100µm cell strainer before 
performing the spiking, and the other one was filtered after the spiking, 
thus exposing tumour cell clusters to potential disaggregation by the 
mechanical effect of filtration. After separation, the isolation efficiency 
of individual CTCs from samples filtered before spiking was 53.46% 
(154.5/289), while for samples filtered after the spiking the isolation 
was 29.30% (143/488). After the harvesting step, 14.88% (43/289) of 
the individual cells remained inside the cassette (predicted recovery of 
38.58%, that is 111.5/289 cells) in the ‘filtration before spiking’ sample. 
Similarly, 10.14% (49.5/488) of the isolated individual CTCs remained 
in the cassette after harvesting (predicted recovery of 19.19%, or 
93.5/488 cells) in the ‘filtration after spiking’ samples (figure 26 and 
table 16). 
Regarding CTC cluster detection, there was no significant 
difference in the isolation efficiency between both conditions, tumour 
cell exposure and non-exposure to filtration. The percentage of CTC 
cluster isolation relative to the initial number of spiked cells in the 
‘filtration before spiking’ samples was 23.48% (35/149), and in the 
‘filtration after spiking’ samples was 19.01% (34.5/181.5). After the 
recovery step, only 6.04% (9/149) of CTC clusters remained in the 
cassette in the ‘filtration before spiking’ sample, and its predicted 
recovery was 17.44% (26/149). Likewise, the percentage of CTC 
clusters that remained inside the cassette after harvesting in the 
‘filtration after spiking’ was 5.79% (10.5/181.5), and its predicted 
recovery was 13.22% (24/181.5) (figure 26 and table 16). 




Figure 26. Bar graphs representing the isolation and recovery efficiencies of 
CTCs (a) and CTC clusters (b) spiked in DLA samples non-exposed (‘before 
















Table 16. Potential effect of DLA pre-filtration over MDA-MB-231eGFP Luc CTC and 
CTC cluster isolation and recovery efficiencies. In the ‘before spiking’ sample 
tumour cells were not exposed to filtration, while in the ‘after spiking’ 
filtration was applied after the spiking of tumour cells. 
 MDA-MB-231eGFP Luc & DLA filtration  
(n=2) 






































Therefore, the optimisation of the key steps of the workflow 
allowed us to demonstrate that it is feasible to detect and isolate CTCs 
and CTC clusters from DLA samples. Thus, DLA products can be a 
suitable type of sample for maximising the isolation of CTCs and 
especially CTC clusters. 
 
2. CTC CLUSTER MODELS HAVE A DIFFERENTIAL METASTATIC 
BEHAVIOUR THAN INDIVIDUAL CTCS 
As previously mentioned, CTC clusters correspond to a minority 
subpopulation within CTCs, as they only represent about 1-30% of all 
CTCs. The low frequency of CTC clusters in the peripheral blood of 
BC patients enormously restricts the advances in the study of the 
biology of CTC clusters. This generates the need of developing 
alternative tools to overcome this limitation, such as the generation of 
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experimental models of CTC clusters. The in vitro models of CTC 
clusters should recapitulate the physiology of those CTC clusters 
isolated from mBC patients and they could have a great potential to 
promote a deeper understanding of the biology of CTC clusters. 
Two human BC cell lines, MDA-MB-231eGFP Luc and MCF-7 eGFP 
Luc, were used to obtain in vitro models of single CTCs and CTC clusters 
As previously mentioned, two different protocols were used to generate 
single and cluster models (see ‘Generation of single CTC and CTC 
cluster in vitro models’, on the Materials and Methods section). Briefly, 
cells were cultured overnight under low-attachment and serum 
deprivation conditions to allow cell aggregation. Afterwards, cell 
aggregates were differentially disaggregated to obtain an individual cell 
suspension that mimicked individual CTCs, and cell groups that 
represented CTC clusters (figure 27, a). Alternatively, CTC models 
were generated by culturing cells under adherent standard conditions 
and using different concentrations of trypsin-EDTA to differentially 
detach cells. The generation of single CTC models was performed using 
a more concentrated trypsin, while the obtaining of CTC cluster models 





Figure 27. Protocols followed for the generation of in vitro single CTC and CTC 
cluster models. Cells were kept overnight under low-attachment and serum-
deprivation conditions at a density of 1x106 cells/mL to allow cell aggregation. 
Differential mechanical disaggregation was used to obtain single cell suspension 
(single CTCs) or cellular aggregates (CTC clusters) (a). Cells were cultured under 
standard conditions. For single CTC and CTC cluster generation, different 
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concentrations of trypsin and differential mechanical disaggregation were used 
(b). 
 
2.1. Functional characterization shows differences between 
individual CTC and CTC cluster experimental models 
Different in vitro and in vivo assays were performed to assess 
functional characteristics of individual CTC and CTC cluster in vitro 
models, as well as their differences regarding the metastatic potential 
of each model. 
Each in vitro assay represents a different step within the metastatic 
cascade and evaluates a phenotypic trait that is typically associated with 
metastatic potential. Individual CTC and CTC cluster models were 
generated using two different human BC cell lines, MDA-MB-231eGFP 
Luc and MCF-7eGFP Luc, representing a different BC molecular subtype 
and a different phenotypic profile of CTC. Hence, the MDA-MB-
231eGFP Luc cell line is representative of TNBC, and it is characterised 
by having a mesenchymal-like, more stem phenotype. On the contrary, 
the MCF-7eGFP Luc is a luminal A BC cell line that shows a well 
differentiated epithelial phenotype. These different in vitro models 
were generated with the purpose of having a wider heterogeneity and 
mimicking the biological reality as accurately as possible. 
2.1.1. CTC clusters show a higher migration and invasion 
capacity than individual CTCs 
Transwell migration assays were performed to evaluate the 
ability of active migration of the CTC cluster model in comparison with 
individual CTC model.  
The migration experiments performed with MDA-MB-231eGFP Luc 
showed that the CTC cluster population had a significantly higher 
transwell migration ability compared to the single CTC model. We 
observed that after 8 hours of incubation, the number of migrated cells 
in the CTC cluster suspension was almost twice as high as in the single 




On the other hand, MCF-7eGFP Luc cell line showed negligible 
migration ability after 8 hours of incubation (data not shown), as it is 
expected due to their epithelial phenotypic traits. Hence, it was 
necessary to increase the incubation period to see possible differences 
between cell populations in terms of active migration. After 24 hours, 
the CTC cluster population showed a tendency to have a increase in the 
number of migrated cells compared to single CTCs (1.62 fold change). 
However, this observation did not reach statistical significance (p = 
0.4331) (figure 28, b).  
 
Figure 28. Graph bar showing the Transwell migration of single CTC and CTC 
cluster models derived from the MDA-MB-231eGFP Luc cell line (n = 6) (a), and 
from the MCF-7eGFP Luc cell line (n = 4) (b). Data are expressed as the fold change 
of migrated cells relative to the average number of migrated cells observed in 
the single CTC population. *** p < 0.001. 
 
Matrigel-coated transwell invasion assays were used to evaluate 
the behaviour of the models regarding their ability to perform 
alterations in an extracellular matrix, that allow them to invade through 
the ECM and reach the pores of the Transwell membrane.  
CTC cluster model of MDA-MB-231eGFP Luc cells showed a higher 
ability to invade when compared to individual CTC population. In fact, 
after 24 hours of incubation, CTC cluster showed an average of 
30.1±21.7 invaded cells per field of view (FOV), while single CTC 
population only showed 22.4±18.0 invaded cells per FOV (p = 0.0255) 
(figure 29, a). 
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Regarding MCF-7eGFP Luc CTC models, no significant differences 
were observed in the number of invaded cells between individual CTCs 
and CTC clusters. This observation is not unexpected, given the 
epithelial traits of this cell line. Hence, we did not observe any 
difference between single and cluster populations in terms of in vitro 
invasion capacity (0.50±0.34 and 0.53±0.26, respectively) (figure 29, 
b). 
 
Figure 29. Transwell invasion assay of single CTC and CTC cluster models 
generated from MDA-MB-231eGFP Luc cell line (n = 2) (a), and from the MCF-7eGFP 
Luc cell line (n = 4) (2). Data are expressed as the average of invaded cells per 
Field Of View (FOV). * p < 0.05. 
 
 
Therefore, we observed differences between individual CTC and 
CTC cluster in vitro models in terms of migration and invasion 
capacity. This differential behaviour showed that the MDA-MB-
231eGFPLuc CTC cluster model had a higher capacity to migrate and 
invade in vitro, which are abilities required in the initial steps of the 
metastatic cascade. On the contrary, the epithelial characteristics of the 
MCF-7eGFPLuc models showed subtle differences in terms of migration 
but no differences were observed in the invasion capacity. 
2.1.2. CTC clusters show a lower ability to adhere to the 
endothelium but a higher capacity to form colonies 
Endothelial adhesion tests were made to determine the ability 




a monolayer of endothelial cells. This interaction is required when 
CTCs intravasate and extravasate from the bloodstream, as a previous 
step of colonizing a new niche. Endothelial adhesion assays were done 
using the cell line EA.hy926 to generate the monolayer of endothelial 
cells. After the generation of the endothelial monolayer, tumour cells as 
either, individual CTCs or CTC clusters, were seeded over the 
monolayer under serum deprivation conditions. Tumour cells were 
allowed to interact with the endothelial cell for 45 minutes. Afterwards, 
non-attached tumour cells were washed away, and adhered cells were 
counted. 
Although there was a wide biological variability, MDA-MB-
231eGFP Luc CTC cluster population had a significantly lower ability to 
adhere to an endothelial monolayer in vitro, compared to individual 
CTCs (p = 0.006) (figure 30, a). More specifically, CTC clusters 
showed an average of 115.1±26.8 adhered cells, while individual CTCs 
had 145.5±34.7 adhered cells, meaning that CTC clusters showed 
20.95% fewer adhered cells than single CTC population. 
Similarly, MCF-7eGFP Luc CTC clusters showed a significantly 
lower ability to adhere to the endothelial monolayer than single CTCs 
(p = 0.0011), despite having a greater ability than MDA-MB-231eGFP 
Luc to adhere to the endothelium in vitro due to the epithelial traits of 
this cell line. CTC cluster population had an average of 580.9±162.4 
adhered cells, while individual CTCs showed an average of 
873.7±206.4 adhered cells, indicating that CTC clusters had 33.51% 
fewer adhered cells than the single CTC model (figure 30, b).   




Figure 30. MDA-MB-231eGFP Luc (n = 4) (a) and MCF-7eGFP Luc (n = 2) (b) individual 
CTC and CTC cluster adhesion to the endothelium. Data are expressed as the 
average of adhered tumour cells per well. ** p < 0.01. 
 
Additionally, the ability of the CTC models to seed tumour lesions 
was tested. Soft agar colony formation assay is used to assess the 
anchorage-independent growth capacity of a cell population, as well as 
their ability of self-maintenance and self-renewal under the absence of 
a solid ECM. Hence, with this experimental procedure we evaluated the 
potential of the single CTC and the CTC cluster models to grow in an 
anchorage-independent manner, which is necessary to generate 
micrometastases. 
Clusters of MDA-MB-231eGFP Luc showed a higher capacity to form 
colonies than the single cell population. On average, CTC clusters 
showed 9.67±6.8 colonies, while single CTCs had only 1.67±1.4 
colonies. Hence, CTC clusters had 5.8 more capacity for colony 
generation than the single cell population. However, this difference did 
not reach statistical significance (p = 0.200) (figure 31, a). 
MCF-7eGFP Luc CTC clusters also showed a tendency towards a 
higher ability to generate colonies, when compared to single CTCs. 
This tendency showed that on average CTC clusters had 19.67±8.7 
colonies, while single CTCs only had 4.17±0.17 colonies, meaning that 




CTCs. Nevertheless, the observed tendency did not reach statistical 
significance (p = 0.100) (figure 31, b). 
 
Figure 31. Soft agar colony formation ability of single CTC and CTC cluster 
models generated from MDA-MB-231eGFP Luc (n = 3) (a), and MCF-7eGFP Luc (n = 3) 
(b) cell lines. Data are expressed as the average of colonies per well. 
 
As a whole, these data point to a lower ability of CTC cluster model 
to interact with endothelial cells than single CTCs. However, this 
observation should be taken with caution as this experimental approach 
was performed under static conditions that did not represent the 
dynamic environment in which these interactions take place. 
Furthermore, these results also demonstrate that the CTC cluster model 
has a higher ability to grow in the absence of anchorage, which is an 
essential feature to generate micrometastasis. 
2.1.3. CTC clusters disseminate less within the circulation of 
the zebrafish embryo than individual CTCs 
We next evaluated the potential ability of CTCs and CTC 
clusters to disseminate in a biologically complex system, using the 
zebrafish (ZF) embryos as a model to study BC progression. Their extra 
uterine development, the absence of an adaptive immune system, and 
their transparency that allow image-based monitoring very easily make 
ZF embryos an ideal model to study tumour progression. 
Firstly, the ability of the human BC cell lines, MDA-MB-231eGFP 
Luc and MCF-7eGFP Luc, to survive under the maintenance conditions of 
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the xenografted ZF embryos was tested. The maintenance conditions of 
ZF after injecting the tumour cells included a temperature of 34 °C, 
which is a suboptimal temperature for human cell growth. Despite the 
reduction in their proliferation capacity over time, it was observed that 
both BC cell lines survived and grew under these conditions (figure 32). 
 
Figure 32. Proliferation of MDA-MB-231eGFP Luc (a), and MCF-7eGFP Luc (b) cell lines 
at 34°C (light grey), and 37°C (dark grey). 
 
Afterwards, we proceeded to generate the ZF xenografts to study 
the ability of the CTC models to migrate and disseminate in vivo. For 
this purpose, equal numbers of single CTC and CTC cluster cells were 
injected near the convergence with the Duct of Cuvier and the 
pericardial space, and cell dissemination was quantified by the 
fluorescent signal detected in the tail of the ZF xenografts over time. 
ZF xenografts with disseminated cells at the time of injection were 
discarded (passive dissemination), as we were seeking for an active 
component during cell dissemination. 
ZF xenografts injected with single and CTC cluster models derived 
from MCF-7eGFP Luc cell line showed that MCF-7eGFP Luc cells barely 
survive over time inside the embryo’s body. Moreover, low tumour cell 
dissemination was observed with MCF-7eGFP Luc derived CTC models 
when injected close to the convergence of the Duct of Cuvier. There 
was a low percentage of ZF xenografts with dissemination to the tail at 
24 hours post-injection (hpi) (30.6%) that was even lower at 72 hpi 




in the embryo’s body (figure 33). Consequently, MCF-7eGFP Luc cell line 
was discarded for later analysis.  
 
Figure 33. ZF xenograft generated with MCF-7eGFP Luc cell line. Percentage of ZF 
embryos with disseminated cells in the tail at 24 hpi and 72 hpi. 
 
Unlike MCF-7eGFP Luc models, MDA-MB-231eGFP Luc ZF xenografts 
showed that this cell line not only survived inside the embryo’s body 
over time but also disseminated to the tail, potentially allowing us to 
observe differences between single CTC and CTC cluster models 
(figure 34). Thus, MDA-MB-231eGFP Luc was chosen to perform later in 
vivo experiments. 
 
Figure 34. ZF xenograft generated with MDA-MB-231eGFP Luc cell line. Percentage 
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Equal numbers of single and clustered MDA-MB-231eGFP Luc cells 
were injected in the embryos and tumours of equal size generated for 
both cell populations (figure 35). 
 
Figure 35. Quantification based on the fluorescence signal of the tumours 
generated in ZF injected with single CTCs or with CTC clusters at the site of 
injection (a). Representative images of ZF injected with single CTC and CTC 
cluster models (b). The injection was performed into the perivitelline space 
next to the convergence of the Duct of Cuvier (DoC). Scale bars: 250 µm. 
 
ZF embryos injected with MDA-MB-231eGFP Luc single CTCs had 
a higher fluorescent signal in the tail region at 24 and 72 hours post-
injection (hpi), compared to the fluorescent signal observed in the ZF 
injected with CTC clusters at the same timepoints. On average, the 
intensity of the fluorescent (A.U.) signal at 24 hpi was 
1.998x106±1.309x106 for single CTC xenografts, while for CTC cluster 
xenograft was 1.079x106±8.98x105 (p < 0.01). At 72 hpi, the 
fluorescence intensity for single CTC and CTC cluster xenografts was 
1.651x106±1.315x106 and 1.037x106±9.396x105 (p > 0.05), 
respectively. Taken into consideration that ZF with tumour cell 
dissemination right after injection were excluded from the analysis, 
these results indicated that single CTCs had a higher capacity to 




a significantly decrease in the fluorescence intensity between 24 hpi and 
72 hpi in the ZF injected with single CTCs, while in ZF injected with 
CTC clusters the fluorescence intensity remained the same. This result 
suggests a better tumour cell survival in the ZF injected with CTC 
clusters than the ZF xenografts generated with individual CTCs (figure 
36). 
 




Figure 36. Representative images of cell dissemination to the tail of ZF injected 
with the MDA- MB-231eGFP Luc single CTC or CTC cluster models. Scale bars: 
250µm (a). Fluorescence intensity of disseminated cells to the tail at 24 and 72 
hours post-injection in ZF xenograft injected with single CTCs or with CTC 





Additionally, we examined the ability of CTCs and CTC clusters 
to move within the tail of the ZF embryo once disseminated (figure 37, 
a). For this, we assessed the dissemination patterns of the cells based on 
the division of the tail into three different areas, according to the 
vasculature distribution: dorsal (dorsal longitudinal anastomotic 
vessel), ventral (area of caudal vein, posterior cardinal vein, and dorsal 
aorta), and lateral (intersegmental vessels) (see ‘Zebrafish (Danio 
rerio) embryo xenografts’, on the Materials and Methods section). The 
percentage of ZF with dorsal dissemination was slightly higher in the 
xenografts injected with single CTCs (63.2%), compared to the ZF 
injected with CTC clusters (37.9%) (p = 0.200) (figure 37, b). Similar 
levels of ventral dissemination were observed between both types of 
xenografts, as 94.7% of single cell ZF had ventral dissemination, while 
98.6% of CTC cluster ZF had disseminated cells in this region (p = 
0.700) (figure 37, c). Regarding the dissemination to the ventral area, it 
should be taken into consideration that CTCs are dragged by the 
direction of the blood flow in the ZF from the site of injection along the 
dorsal aorta to the cardinal vein, where CTCs are arrested at the caudal 
plexus. Moreover, the proportion of ZF with lateral dissemination also 
tended to be higher in the single CTC ZF xenograft (37.0%) than the 
CTC cluster ZF xenografts (15.0%) (p = 0.400) (figure 37, d).  




Figure 37. Representative images of the dissemination patterns of ZF injected 
with single CTCs (left) or with CTC clusters (right). Scale bars: 250 µm (a). 
Percentage of ZF xenografts generated with single CTCs or with CTC clusters 




In a more detailed analysis, the number of foci established by the 
disseminated cells in the three different regions of the caudal area was 
also determined. ZF xenografts generated with single CTCs showed a 
significantly higher number of foci in dorsal location than CTC cluster 
ZF xenografts (2.2±0.7, and 1.2±0.3, respectively, p < 0.05) (figure 38, 
a). As expected, no difference was observed between ZF xenograft 
populations in the number of ventral foci. Single CTC ZF xenografts 
showed 4.6±0.3 ventral foci, while ZF injected with CTC cluster had 
4.2 ± 0.2 ventral foci (figure 38, b). Finally, ZF injected with single 
CTCs showed a significantly higher number of lateral foci than CTC 
cluster ZF xenografts (0.9±0.3 and 0.3±0.08, respectively, p < 0.05) 
(figure 38, c). 
 
Figure 38. Number of tumour foci in the tail with dorsal (a), ventral (b), and 
lateral (c) location in the ZF injected with single CTCs or with CTC clusters (n = 
6 independent experiments). * p < 0.05. 
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The restricted ability of the MDA-MB-231eGFP Luc CTC clusters to 
abandon the injection site and disseminate through the circulation of the 
ZF embryo is explained by their larger size, which physically restricts 
their movement. This can be the reason for the low frequency of CTC 
clusters in the circulation, in line with the observations performed in 
other animal models (i.e mouse) and in BC patients. However, the lower 
dissemination of CTC clusters also seems to suggest a lower metastatic 
potential of CTC clusters. 
2.1.4. CTC clusters survive better in the circulation of the 
zebrafish embryo xenografts and have a proliferative 
advantage in comparison with single CTCs 
After intravasation, CTCs should survive within the 
bloodstream. However, during this critical step of metastasis, CTCs are 
exposed to mechanical stress due to the presence of fluid shear forces. 
To evaluate how fluid shear stress (FSS) affects both individual CTCs, 
and CTC clusters, we carried out in vitro FSS assays. Cell suspensions 
either as individual CTCs, or as CTC clusters were loaded into a 
syringe, which was linked to a 30G needle, and to a syringe pump to 
simulate the shear stress forces of the bloodstream (see ‘Fluid Shear 
Stress (FSS) assays’, on Materials and Methods section). It was 
considered a passage (P) when the entire content of the syringe passed 
through the needle. A total of 10 passages were performed in each 
assay, and a 2-minute resting time was allowed between subsequent 
passages. Under these conditions, FSS assays allowed us to observe a 
differential impact of shear stress forces on the viability of the in vitro 
models, based on the bioluminescent signal. Bioluminescence was 
measured after finishing the assay (0 h timepoint). After each even FSS 
passage aliquots of cells were also put in culture to measure the 
bioluminescence signal 24 hours later (24 h timepoint). 
MDA-MB-231eGFP Luc CTC cluster model exhibited significantly 
higher viability than single CTC population, at both timepoints, 0 and 
24 hours (figure 39, a, b). Although both populations experienced a 
decrease in survival throughout FSS cycles at 0-hour timepoint, CTC 




CTCs, which suggests that the immediate negative impact of FSS is 
smaller in the CTC cluster population than in the single CTC cell 
suspension. Specifically, CTC cluster population showed survival of 
47.32% at P4, while individual CTC showed a survival of 16.48%. The 
lower impact of FSS over the survival of CTC clusters was also 
observed in prolonged exposure to FSS, as CTC clusters had a survival 
of 28.68% at P6 that decreased to 20.62% at P8. However, single CTC 
survival was 9.27% and 5.13% for the same timepoints, respectively 
(figure 39, c). 
Differences between both single CTCs and CTC clusters were also 
noticeable at the timepoint of 24 hours. The 24-hour timepoint not only 
allowed the evaluation of the survival but also showed the ability of 
cells to overcome the mechanical stress and even to potentially 
proliferate in culture. CTC clusters exposed to early FSS cycles (P2-P4) 
showed sustained viability showing a survival of 79.42% at P4, while 
intermediate FSS passages (P6-P8) generated a progressive reduction 
in their viability reaching a survival percentage of 45.30% at P8, when 
compared to the control (P0). On the other hand, single CTC population 
exposed to early FSS cycles (until P4) experienced a large reduction of 
viability, based on the drop of the bioluminescence signal. Individual 
CTC population had a great reduction in the viability as early as P4 
(16.2% cell survival), and the viability decreased to 5.7% at P8. The 
final viability registered after 10 cycles of FSS (P10), at the 24-hour 
timepoint, was 13.15% for CTC cluster population, while single CTC 
population showed a final viability of 4.12% when compared to the 
viability of the non-FSS exposed population (P0) (figure 39, d).  
Additionally, the comparison of the bioluminescence signal at 24h 
timepoint relative to the 0h timepoint of the different FSS passages 
showed that CTC clusters have a higher ability to recover from FSS 
than individual CTCs (figure 39, e, f). In fact, it was observed that CTC 
clusters exposed to early FSS passages (P4) had a bioluminescence fold 
change of 1.32 relative to the corresponding value at 0h, meaning that 
there were 32% more viable cells in the culture. On the contrary, single 
CTCs showed a fold change of 0.83 at P4, which indicates a decrease 
in the cell viability and the total number of cells. Similarly, CTC 
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clusters had a fold change of 2.02 and 1.53 at prolonged FSS passages 
(P6 and P8, respectively). This indicates that despite the negative effect 
of the shear stress forces there was cell proliferation in the CTC cluster 
population after several FSS passages. However, single CTC 
population did not proliferate between 0 and 24 h timepoints, as it is 
showed by the fold change of 0.85 at P6, and of 1.0 at P8. This indicates 
that the number of cells at 24h is similar, or even slightly lower, to the 
one observed at 0h, thus reflecting an absence of proliferation between 
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Figure 39. Fluid Shear Stress (FSS) assay (n = 3). Cell survival of single CTCs and 
CTC clusters subjected to FSS cycles at 0 hours (a), and 24 hours later (b). Data 
are expressed as the bioluminescence fold change relative to the average 
bioluminescence measured for the non-FSS exposed control (P0). Percentage of 
cell survival of single and CTC clusters after the exposure to FSS at 0 hours (c) 
and 24 hours (d). * p < 0.05. Data are expressed relative to the survival 
observed in the non-FSS exposed control (P0). Bioluminescence fold change of 
24 hours relative to the average of bioluminescence of the corresponding 
passage (P) at 0 hours (e). * p < 0.05, ** p < 0.01. Representative images of 
single CTCs and CTC cluster cell suspension 24 hours after exposure to different 
passages (P) of FSS (P4, P6, P8 and P10). Black arrows indicate tumour cells 
adhered to the culture surface. Scale bars: 100 µm (f). 
 
Therefore, the differences in cell survival observed at 0-hour and 
24-hour timepoints showed that CTC cluster population could have a 
higher capacity to overcome the negative effect of mechanical stress 
during circulation than the individual CTC model, and a higher ability 
to recover from the FSS exposure. 
The results of the in vitro FSS assay and cell survival are in line 
with the variations observed in the fluorescent signal over time between 
ZF injected with single CTCs and CTC clusters, in which ZF injected 
with single CTCs decreased their fluorescence while ZF injected with 
CTC clusters maintained their fluorescence over time (figure 40). To 
analyse a possible proliferation of CTC clusters within the ZF, the 
caudal fluorescent signal of tumour cells in each ZF xenograft was 
individually analysed along time. 
We observed that the fluorescence intensity was reduced in most 
of the single CTC ZF xenografts from 24 to 48 or 72 hpi. In fact, in 
48.3% of single cell ZF xenografts the fluorescence intensity was 
reduced between 24 and 48 hpi, while in the CTC cluster ZF xenografts 
this percentage was 43.5%. At 72 hpi, the fluorescence intensity 
decreased in 66.2% of the single CTC ZF xenograft respect to 24 hpi, 
while only 52.6% of the ZF injected with CTC cluster showed a 
decreased fluorescent signal. This decrease in the intensity of the 
fluorescent signal evidenced a reduction in the number of cells present 




In addition, the percentage of ZF injected with single CTCs that 
maintained the fluorescence levels between 24 hpi and 48 hpi was 
14.2%, while in ZF injected with CTC cluster this percentage was 
11.9%. At 72 hpi, 17.6% of the ZF injected with single CTCs had 
similar fluorescence levels to 24 hpi, meanwhile this percentage was 
8.0% in the case of CTC cluster ZF xenografts. Besides, 37.5% of the 
xenografts injected with single CTCs showed an increase in the 
fluorescence in the tail at 48 hpi, while in the ZF injected with CTC 
clusters this percentage reached 44.7%. Importantly, the fluorescent 
intensity increased in the 39.4% of ZF injected with CTC clusters from 
24 to 72 hpi, while the percentage was significantly lower (p = 0.0286) 
in the single CTC ZF xenografts (16.3%). The increase in the 
fluorescence over time observed in these fish may be explained by a 
higher number of cells in tail, probably due to cell proliferation of the 
disseminated cells.  
Therefore, at 72 hpi we observed a significantly higher percentage 
of ZF xenografts in which the fluorescence intensity increased among 
the embryos injected with CTC cluster, compared to those injected with 
single CTCs, suggesting that CTC clusters not only survive better in the 
tail of the ZF than single CTCs, but also have a proliferative advantage 
once disseminated. These results also showed a non-significant 
tendency in the CTC cluster ZF xenograft population to have a lower 
percentage of embryos with reduced fluorescence intensity than single 
CTC xenografts (p = 0.1143) (figure 40). 




Figure 40. Percentage of ZF xenografts generated with single CTCs or with CTC 
clusters whose fluorescence intensity increased (up), decreased (down) or was 
maintained (equal) between 24 and 48 or 72 hours post-injection (n = 6 
independent experiments). * p < 0.05. 
 
Therefore, although CTC clusters disseminate to the tail of ZF 
embryos in fewer numbers than single CTCs, they have an enhanced 
survival within the circulation and a proliferative advantage, as shown 
by the FSS assays and ZF experiments. This greater survival of CTC 
clusters during circulation and their ability to proliferate after being 
exposed to FSS can potentially allow them to generate larger metastatic 
lesions, as these are essential features to seed successful metastases, and 
could partially explain their higher metastatic potential. Furthermore, 
these results also highlight the great potential of the zebrafish as an 
animal model to unravel the biology of CTCs, and especially of CTC 
clusters. 
2.1.5. Gene expression profiling supports the higher metastatic 
potential of the CTC cluster model 
Gene expression analyses were performed using RT-qPCR to 
find genes differentially expressed that could potentially explain the 
differential behaviour observed between single CTC and CTC clusters 
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disseminated cells isolated from ZF xenografts of four different 
experiments at 48 hpi. To this end, 48 hpi zebrafish tails were physically 
separated from the rest of the embryo body, mechanically and 
enzymatically digested to isolate the disseminated tumour cells and the 
RNA extracted. A panel of genes related to proliferation (i.e., MKI67), 
cell cycle regulation (i.e., CDK4, E2F4), cell survival (i.e., PLAU), and 
stemness (i.e., CD44, ITGA6) was used for this analysis and the 
expression levels were determined relative to the average expression of 
two different housekeeping genes (figure 41, a). 




Figure 41. Gene expression analysis of the disseminated cells of ZF injected 
with CTC clusters relative to the expression of ZF injected with single CTCs (a). 




normalised by the average expression of the housekeeping genes GAPDH 
(glyceraldehyde-3-phosphate dehydrogenase) and β2M (beta-2-microglobulin).  
* p < 0.05. 
 
Gene expression data showed that the disseminated cells of the ZF 
injected with the MDA-MB-231eGFP Luc CTC cluster model had a lower 
expression of the pro-apoptotic gene BAX when compared to single 
CTC xenografts (p = 0.0286). Moreover, we found a tendency towards 
a higher expression of the stem cell-like related gene CD44, and a 
significantly higher expression of ITGA6 in the CTC cluster ZF 
xenografts (p = 0.0286; p = 0.0286, respectively). Urokinase-type 
plasminogen activator gene PLAU was found to be more expressed in 
the CTC cluster xenografts (p = 0.0286). It was also observed that those 
ZF injected with CTC clusters had a significantly higher expression of 
genes related to cell cycle regulation, such as CDK4, E2F4, and 
CCND1 (p = 0.0286; p = 0.0286, p = 0.2857, respectively). 
Nevertheless, no significant differences were observed in the 
expression of the proliferation marker MKI67 gene between single 
CTCs and CTC cluster ZF disseminated cells (p = 0.9714). Likewise, 
no differences were found in the expression of the cell junction related 
gene plakoglobin (JUP), the cell adhesion related gene β-catenin 
(CTNNB1) and the EMT related gene VIM (p = 0.3143; p = 0.5714; p 
= 0.0857) (figure 41, b). 
These findings are in line with the in vitro and in vivo functional 
differences observed between the CTC models and support the 
suitability of the CTC cluster model to deepen the study of the biology 
of CTC clusters. 
2.1.6. CTC cluster has a higher colonization capacity in mice 
than individual CTCs 
To seek if the functional differences are maintained in a more 
complex biological system than the ZF, a mouse lung colonization 
assay was done. This assay was performed to test the capacity of CTC 
models to survive within the bloodstream, as well as their ability to 
colonize and proliferate in a new niche, such as the pulmonary tissue, 
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for the development of metastatic lesions. Hence, equal numbers of 
single CTC or CTC cluster suspensions were directly injected into the 
bloodstream, through the lateral vein of the tail of immunodeficient 
SCID BEIGE mice. 
Despite the biological variability observed in this assay, we could 
observe that during the initial days upon injection a large proportion of 
cells of both populations died at the lungs, based on a noticeable drop 
in the bioluminescence counts. However, the decrease in the 
bioluminescence signal from day 0 (taken 1 hour post-injection) to day 
3 was less pronounced in the group of mice injected with CTC clusters 
than in the group injected with single CTCs (bioluminescence counts 
fold change 0.3±0.2 vs. 0.03±0.05 respectively; p = 0.031), meaning 
that there was a lower incidence of cell death in this group (figure 42, 
a). This tendency was maintained at 6 days post-injection (dpi), where 
CTC cluster xenografts had a bioluminescence fold change of 0.2±0.1, 
while the bioluminescence fold change relative to the signal emitted at 
1 hour post-injection timepoint for single CTC xenografts was 0.1±0.1. 
However, the tendency observed at 6 dpi was not statistically significant 
(p = 0.5635) (figure 42, b). These data evinced that although there was 
a massive cell death during the first days after injection in both 
populations, the proportion of dead cells was lower in the CTC cluster 
injected mice. 
The monitoring over time and the determination of the metastatic 
incidence in the lungs by bioluminescence quantification permitted us 
to observe that mice injected with CTC cluster population showed a 
higher bioluminescence signal in the lungs over time when compared 





Figure 42. Bioluminescence counts fold change between day 0 (1 hour after 
injection) and day 3 after injection (a). Bioluminescence counts fold change 
between day 0 and day 6 after injection. Bioluminescent signal emitted over 
time by the tumour cells that colonized the lungs (n = 4 mice per group) (c). * p 
< 0.05. 
 
Moreover, histopathological analysis of lungs also showed a clear 
tendency to a higher metastatic incidence in those mice injected with 
the CTC cluster suspension. On average, the number of metastatic foci 
identified in the single CTC mouse group was 99.0±105, while the 
number of foci detected in mice injected with CTC clusters was 
321.3±101 (p = 0.0635) (figure 43).  




Figure 43. Quantification of the number of metastatic foci observed in the lungs 
of mice injected with either, individual CTCs or CTC clusters (a). Representative 
sections of pulmonary tissue of a mouse injected with CTC clusters with 
metastasis stained with Hematoxylin-eosin (H&E, upper panels), and with 
antibody against keratins (bottom panels). Note the brown staining in tumour 
cell foci and nodules. Left images are shown with low magnification (5x), while 
right images are at high magnification (20x) (b). 
 
 
The quantification was in line with the final bioluminescence signal 
of surgically removed lungs. On average, the endpoint bioluminescent 
signal of the lungs was 4.03x108±4.57x108 for the single CTC mouse 
group, while for the CTC cluster mouse group the endpoint 
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Figure 44. Mouse lung colonization assay. Representative images of the 
pulmonary metastatic incidence in mice injected with either single CTCs or CTC 
clusters. R6 and R7 mice were injected with single CTCs (left) whereas R21 and 
R23 were injected with CTC clusters (right) (a). Representative images of the 
metastatic incidence in the lungs of mice injected with single CTCs or with CTC 
clusters after being surgically removed (b). Quantification of the 
bioluminescence signal (total counts) measured in the surgically removed lungs 
of mice injected with single CTCs or CTC-clusters at the endpoint (c). 
 
These results demonstrate that the CTC clusters have a higher 
ability to colonize a new niche and generate new tumour lesions than 
the single CTCs in mice. 
Taken together, functional in vitro and in vivo characterisation 
showed the existence of functional differences between the in vitro 
models of individual CTCs and CTC clusters. These differences were 
in concordance with the gene expression analyses and suggest that the 
in vitro CTC cluster model has a higher metastatic potential than the 
single CTC model. Therefore, the CTC cluster model can be a useful 
tool that contributes to overcoming the limitation of material, due to the 
low frequency of CTC clusters in patient samples, to study the biology 
of CTC clusters in a wider manner. Besides, these results also outline 
the great potential of the zebrafish as a model to study the metastatic 
process, as well as the role of CTCs and CTC clusters during tumour 
spread. 
 
3. USE OF A METASTATIC ORTHOTOPIC BC MURINE MODEL AS A 
SOURCE FOR CTCS AND CTC CLUSTERS  
In addition to the development of CTC cluster models from BC cell 
lines, a metastatic murine orthotopic BC model established with the 
MDA-MB-231eGFP Luc cells was used to test the feasibility of CTC 
cluster detection and isolation from blood samples. This would allow 
us to use it as a potential source of CTCs, and especially CTC clusters. 
MDA-MB-231eGFP Luc cells were injected at the mammary fat pad of 




The bioluminescent signal associated with the development of the 
primary tumour in the mammary fat pad was detected between weeks 3 
and 4 after injection. Afterwards, tumour development was assessed 
until the endpoint, at week 8 after injection. During this period of time, 
it was observed a progressive tumour growth (figure 45, a).  
Pulmonary metastasis formation was also tracked over time. 
Generally, the metastatic bioluminescent signal was detectable at week 
6 after injection. Over the weeks, bioluminescence associated with lung 
metastases was progressively increasing until the endpoint (figure 45, 
b). 
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Figure 45. Monitoring of tumour progression in the orthotopic BC murine model 
based on the quantification of the bioluminescence signal. Primary tumour 
growth over time (a). Lung metastasis development over time (b). Data are 
expressed as total bioluminescence counts (n = 6 mice per group). 
 
Blood samples were collected at the endpoint by cardiac puncture 
and used for CTC and CTC cluster isolation with the immune-
independent system ParsortixTM. Individual CTC and CTC cluster 
enumeration was performed after CTC isolation based on the presence 
of eGFP positive cells within the separation cassette. Importantly, it was 
possible to detect and isolate CTCs and CTC clusters from the blood 
and determine a ratio of individual CTCs:CTC clusters. This ratio was 
1:0.127 in this murine BC model, meaning that CTC cluster population 
represents 12.7% of all CTCs. Moreover, a positive correlation was 
found between the number of individual CTCs per 100 µL of blood, and 
the number of CTC clusters per 100 µL of blood (R2 = 0.9267). Thus, 
the higher is the individual CTC frequency of detection, the more CTC 





Figure 46. Analysis of the CTCs and CTC clusters isolated from the blood 
samples of the orthotopic BC murine model. Tumour cells were isolated in the 
ParsortixTM system. Correlation between the number of individual CTCs/100 µL 
blood and the number of CTC clusters/100 µL blood (a). Number of individual 
CTCs and CTC clusters detected per 100 µL of blood. Each dot represents an 
individual mouse (b). 
3.1. Establishment of an ex vivo CTC cluster surrogate model 
Given that CTCs and CTC clusters were detected in blood samples 
from the metastatic MDA-MB-231eGFP Luc mouse model, in 
collaboration with the Nano-oncology research line of the Roche-
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CHUS Joint Unit, we isolated CTCs in a viable state and put them in 
culture with the aim of establishing a CTC-derived cell line in vitro. 
These cells grew in vitro as cellular aggregates under low-attachment 
conditions, and these properties were maintained after cryopreservation 
periods. The cell line established was as mCTC (murine model CTC 
derived cell line) (figure 47, a). Hence, the mCTC cell line was 
preliminarily characterised, as it could potentially represent a more 
realistic CTC cluster model, from a physiological point of view. 
Firstly, taking into consideration the origins of this cell line, mCTC 
resistance to fluid shear stress (FSS) was studied in comparison with 
the MDA-MB-231eGFP Luc CTC cluster model. At 0-hour timepoint, it 
was observed that both populations decreased their survival at P2, 
showing a survival of 65.95% in the case of MDA-MB-231eGFP Luc CTC 
cluster model, and 71.40% in the mCTC cell line. Nevertheless, mCTC 
cell line showed sustained survival between short and intermediate 
exposure to shear stress (P2-P6), having a survival of 73.05% after 6 
cycles of shear stress (P6), and a final survival of 55.90% after 10 cycles 
of shear stress (P10). In contrast, MDA-MB-231eGFP Luc CTC clusters 
progressively decreased their survival reaching a 25.88% at P6, and a 
final survival of 9.28% at P10. This suggests that mCTC cell line has a 
higher ability to resist the immediate negative impact of FSS over cell 
survival than the MDA-MB-231eGFP Luc CTC cluster model (figure 47, 
b). 
Differences between both CTC cluster models were also observed 
at the 24-hour timepoint, after their maintenance in cell culture. MDA-
MB-231eGFP Luc derived CTC cluster population showed a cell survival 
of 64.88% after P2, while mCTC cell line had a survival of 89.22% after 
2 FSS cycles (P2). Moreover, MDA-MB-231eGFP Luc CTC clusters 
showed survival of 32.04% after intermediate exposure to shear stress, 
at P8, and a final survival of 10.54% after 10 FSS cycles (P10). On the 
contrary, mCTC experienced a progressive increase in its survival after 
P2 and throughout the following FSS cycles. Thus, mCTC cell line not 
only showed a higher survival capacity than MDA-MB-231eGFP Luc CTC 
cluster model but also greater resilience to FSS, as it proliferated after 





Figure 47. Evaluating the effect of the FSS over the mCTC cell line. 
Representative image of the mCTC cell line growing in culture. Scale bar: 100 
µm (a). Cell survival at 0 h (b) and at 24 h (c) (n = 3). * p < 0.05. 
 
Furthermore, in vivo characterization using zebrafish (ZF) embryo 
xenografts was carried out to test the behaviour of the mCTC cell line 
when injected into the perivitelline space, close to the Duct of Cuvier 
(DoC). The dissemination ability of the mCTC cell line was compared 
with the dissemination of the parental MDA-MB-231eGFP Luc cell line. 
ZF xenograft generation permitted to observe that mCTC cell line 
showed a significantly higher fluorescent signal at the fish tails, 
meaning higher cell dissemination to the caudal region than the MDA-
MB-231eGFP Luc cell line at both, 24 hpi (2.17x107 ± 2.55x107 vs. 
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2.75x106 ± 2.99x106, respectively; p < 0.001) and 72 hpi (2.73x107 ± 
3.49x107 vs. 1.05x106 ± 1.45x106). Besides, MDA-MB-231eGFP Luc cell 
line showed a significant decrease in the fluorescence intensity at 72 
hpi when compared to 24 hpi, while mCTC cell line had no significant 
difference in the fluorescence intensity between 24 and 72 hpi. This 
indicates that disseminated mCTC cells survive better in the tail than 
the MDA-MB-231eGFP Luc population (figure 48). 
 
Figure 48. Studying the ability of mCTC to disseminate and survive in the 
zebrafish xenografts in comparison with the MDA-MB-231eGFP Luc cell line (n = 6 
independent experiments). ns not significant, **** p < 0.0001. 
 
Additionally, a third cell population, called ‘231 ULA’ was 
included in the assay. This population corresponded to the MDA-MB-
231eGFP Luc cell line maintained in vitro under the same conditions as the 
mCTC cell line, which are under low-attachment conditions and 
cultured with MammocultTM media. In this way, the potential bias 
derived from the differential cell culture conditions between mCTC and 
MDA-MB-231eGFP Luc was eliminated. The mCTC cell line showed 
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population at 24 and 72 hpi, which is denoted by the higher fluorescence 
intensity of the ZF injected with the mCTC cell line. Besides, mCTC 
showed a sustained fluorescence intensity between 24 and 72 hpi, while 
‘231 ULA’ population showed a significant decrease in the 
fluorescence intensity at 72 hpi, when compared with 24 hpi. This 
means that disseminated mCTC cells survive better in the tail than the 
‘231ULA’ population (figure 49). 
 
Figure 49. Comparing the dissemination of the mCTC cell line with the ‘231ULA’ 
population in the zebrafish xenografts (n = 3 independent experiments). ns not 
significant, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
 
Hence, the functional differences observed between mCTC and 
MDA-MB-231eGFP Luc cell lines in terms of in vitro and in vivo 
resistance to FSS cannot be explained by the differential conditions of 
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Secondly, the anchorage-independent growth capacity, as well as 
the self-maintenance and self-renewal abilities of the mCTC cell line 
were preliminarily studied by performing soft agar colony formation 
assays. It was observed that the mCTC cell line had a significantly 
higher ability to generate colonies in vitro than the parental MDA-MB-
231eGFP Luc cell line, which based on the ≥ 70 µm cut-off diameter 
established for the quantification did not give rise to any colony (2.87 
± 0.67 vs. 0.0 ± 0.0). However, no significant differences were observed 
between the mCTC cell line, and the population ‘231 ULA’ (3.37 ± 
0.70). This can be explained by the use of supplemented MammocultTM 
media for both cell populations. MammocultTM specifically selects 
those cell clones with stem-like characteristics, such as self-
maintenance and self-renewal capacities, which are the cells able to 
grow in an anchorage-independent manner and generate colonies 
(figure 50). 
 
Figure 50. Assessing the ability of the mCTC cell line to form colonies in vitro. 
mCTC cell line was compared to the MDA-MB-231eGFP Luc cell line, as well as 
with the ‘231ULA’ population (n = 2). * p < 0.05. 
 
In addition, a preliminary molecular characterization of the mCTC 
cell line was performed. A transcriptomic analysis performed by 
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‘231ULA’, with a fold change ≥2, and a p value < 0.05. More 
specifically, it has been found that 984 genes were significantly up-
regulated in the ‘231ULA’ cell line, while 712 genes were found to be 
significantly up-regulated in the mCTC cell line. These genes could 
potentially support the preliminary functional differences observed. 
However, further validation is required in order to test this hypothesis 
(figure 51). 
 
Figure 51. Transcriptomic analysis of the mCTC and the ‘231ULA’ 
population by RNAseq. Genes were considered to be differentially expressed 
when the fold change (FC) ≥ 2, and a p value < 0.05. 
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RNAseq analysis evinced differences in the gene expression 
profiles of mCTC and 231ULA concerning different molecular 
functions. Hence, mCTC cell line had 2.99% of its up-regulated genes 
related to SMAD binding, while 231ULA only showed 0.09% of its up-
regulated genes related to this molecular function. Receptor binding is 
another molecular function that shows differences between both cell 
lines. mCTC cell line showed a higher percentage of genes than 
231ULA involved in this molecular function (15.86%, and 5.60%, 
respectively) (figure 52). 
 
Figure 52. Molecular function of the differentially expressed genes 
between the mCTC cell line and the 231ULA population. 
Image obtained with FunRich Functional Enrichment Analysis Tool. 
 
These preliminary data showed that mCTC have functional 
differences compared to the in vitro CTC cluster model derived from 
the MDA-MB-231eGFP Luc cell line. mCTC could potentially be a CTC 




However, further functional, and molecular characterization should be 
performed to test this hypothesis. 
3.2. Molecular analysis to study single CTC and CTC cluster 
genomic heterogeneity 
Preclinical data indicate that CTC clusters seem to bear a higher 
metastatic potential than single CTCs, and clinical studies show that the 
presence of CTC clusters in the peripheral blood of BC patients is 
associated with a worse outcome. This data is in agreement with our 
own research work 130 (see ‘CTC and CTC clusters as predictor factors 
of patient outcome’ in chapter 1). Thus, individual CTCs and CTC 
clusters could have specific genomic changes that can contribute to 
unveil their differential metastatic potential. Moreover, CTC clusters 
can be oligoclonal/polyclonal entities, meaning that CTC clusters may 
originate from different tumour cell clones that cooperate to generate 
polyclonal metastases in BC. Therefore, CTC clusters could be 
genetically more heterogeneous than single CTCs. Nevertheless, there 
is little knowledge regarding the genetic features that make CTCs and 
CTC clusters metastatic. To test if single CTCs and CTC clusters have 
differential genomic traits a proof-of-concept experiment was designed 
based on the development of genomic studies (DNAseq) at a single cell 
level. This work was developed in collaboration with the 
Phylogenomics research group of the Biomedical Research Centre 
(CINBIO), in the University of Vigo, headed by Prof. David Posada 
González. Prof. David Posada, an expert in molecular evolutionary 
biology and the analysis of NGS (Next-Generation Sequencing) data on 
cancer. 
CTCs and CTC clusters were isolated from blood samples of 
murine orthotopic BC xenografts with the ParsortixTM system. More 
specifically, single CTCs and CTC clusters were enriched from a pool 
of blood from three different tumour-bearing mice. After recovering the 
CTCs and CTC clusters isolated, the cells were individualised by 
DEPArrayTM system. The whole genome of individualised CTCs and 
CTC clusters was amplified, checked for its integrity, and sequenced 
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(WES, whole exome sequencing) at a single-cell and single-cluster 
level (figure 53 and 54). 
 
Figure 53. Representative examples of single CTCs and CTC clusters isolated 





Single-cell sequencing was performed on 7 single CTCs and 7 CTC 
clusters as the initial biological material. However, 2 CTC clusters were 
discarded due to the low quality of the sequencing data (figure 54, red 
arrow heads). Hence, the final analysis was performed with 7 single 
CTCs and 5 CTC clusters. 







Figure 54. Evaluating the quality of the genetic material extracted from single 
CTCs and CTC cluster isolated from blood samples of tumour-bearing mice. 
Whole genome amplification (WGA) DNA quality control performed with the 
Ampli1 QC kit (a). DNA sequencing depth and breadth coverage of single CTCs 
and CTC clusters. Red arrow heads indicate low coverage of the genome in two 
CTC clusters (b). 
 
Bioinformatic analysis of sequencing data showed that CTC 
clusters had a higher number of Single Nucleotide Variants (SNVs) 
than individual CTCs. As expected, some of the detected SNVs were 
common to single CTCs and CTC clusters (figure 55). 
 
Figure 55. Venn diagram of SNV calls. Blue circle corresponds to the total 
number of SNVs identified in CTC clusters and the orange circle represents the 
number of SNVs detected in individual CTCs. 
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Moreover, SNVs in CTC clusters were classified as ‘potential 
germline mutations’, meaning probably present in the xenografted cell 
line, and ‘potential somatic mutations’, probably developed during 
tumour establishment in the mouse, based on the Variant Allele 
Fraction (VAF). Mutations with a VAF range between 0.6 and 1 were 
considered potential germline mutations, while SNVs with a VAF range 
between 0.05 and 0.6 were considered potential somatic mutations. The 
classification of the CTC cluster SNVs overlapping with the single CTC 
SNVs allowed us to determine that most of the SNVs in single CTCs 
might be potential germline mutations, showing a VAF ranging from 









Figure 56. Number of SNVs (Single Nucleotide Variants) per VAF (Variant Allele 
Fraction). Number of SNVs per VAF in single CTCs. Note that most of the 
mutations in the single CTCs are ‘potential germline mutations’ (a). Number of 
SNVs per VAF in CTC clusters (b). Variants with a VAF ranging from 0.05-0.6 are 
classified as ‘potential somatic mutations’, while those with a VAF ranging from 







Furthermore, VAFs of ‘potential somatic mutations’ were used to 
investigate the genetic variability present in each CTC cluster in 
comparison to the genetic variability estimated for all 7 single CTCs, 
based on the estimation of the expected heterozygosity (He). A higher 
He was found in each CTC cluster than in all single CTCs, meaning that 
CTC clusters have higher genetic variability than individual CTCs 
(figure 57).  
 
Figure 57. Expected Heterozygosity (He) of the single CTC population 
(orange bar), and of 5 different CTC clusters (blue bars). For each sample, He 
was estimated using the VAFs of ‘potentially somatic mutations’. 
 
Tile plots allowed us to visualise the mutational profile of each of 
the 7 single CTCs and the 5 CTC clusters (figure 58). We observed that 
some mutations were present in the majority of the individual CTCs 
analysed, e.g., AHNAK (11:62292882), or FUS (16:31195279). 
However, some mutations were present in a few of single CTCs, such 
as SVEP1 (9:113308525), or SPTAN1 (9:131375701), which were only 
in two out of the seven single CTCs analysed (figure 58, a). Similarly, 
CTC clusters showed some common mutations, e.g., TRIO, MGA, or 
SVEP1, while other SNV mutations were only observed in some of the 
CTC clusters analysed (3-4/5). However, a relevant number of 
mutations are only present in few CTC clusters (1-2/5) (figure 58, b). 
In particular 595 mutations were exclusively found in CTC 
clusters, 4 in single CTCs and 9 mutations were common to both single 
CTCs and CTC clusters (figure 59. See also tables S1 and S2, in the 
Supplementary Material section). 
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Figure 58. Exome-wide genomic profile of single CTCs and CTC clusters isolated 
from mice. Tile plot depicting absence/presence mutational profiles of seven 
CTCs isolated form mice. Somatic mutations sorted according to their overall 
frequency. Gene names are displayed at the bottom of the plot together with 
the corresponding genomic coordinates. Each row represents a single CTC (a). 
Tile plot depicting absence/presence mutational profile of five CTC clusters 
isolated from mice. Somatic mutations sorted according to their frequency 
across all clusters. Gene names are displayed at the left of the plot. Each 




Figure 59. Venn diagram depicting common mutations to single CTCs and CTC 
clusters and mutations exclusively found in each cell group. 
 
Therefore, preliminary results extracted from the genomic data of 
CTCs and CTC clusters isolated from tumour-bearing mice showed that 
CTC clusters not only have a higher genomic variability in comparison 
with single CTCs, but also a large set of specific mutations that were 
not present in single CTCs. According to this preliminary data, CTC 




single CTCs. However, further studies are required to unravel the 
genomic traits of the single CTCs and the CTCs clusters responsible for 
seeding metastasis. 




















CTC clusters can be detected in the peripheral blood of BC 
patients, among other cancer types 116,131–133. Although CTC 
clusters are associated with a higher metastatic potential 
compared with individual CTCs 45,108,134, their role during 
metastasis is still in the process of being elucidated. Different 
mechanisms that partially explain the role of CTC clusters in 
tumour dissemination are now being discovered. The presence of 
strong cell-cell junctions within CTCs in the clusters, the 
expression of stem cell markers, or changes in the DNA 
methylation profile are some of the mechanisms proposed to 
explain their greater metastatic potential 45,109,117,131,135. Given the 
increasing relevance of CTC clusters in tumour spread, it is not 
unexpected that CTC cluster enumeration by CellSearch® 
provides valuable additional clinical information of patient 
outcome, in comparison with CTC enumeration alone. It was 
previously reported that longitudinal study of CTC clusters added 
prognostic value to CTC enumeration alone in mBC patients, and 
that the presence of CTC clusters of larger size increased the risk 
of death 126–128,136. However, the majority of the currently 
available data in this regard are generated from well-selected 
homogeneous cohorts of patients. On the contrary, we studied a 
small cohort of unselected mBC patients to evaluate the potential 
clinical value of CTC cluster enumeration. In our cohort, luminal 
BC subtypes (HR+/HER2-) were under-represented (50.9% in 
comparison with 70% in the general population), while TNBC 
was over-represented (28.3% of patients, compared with the 15% 
of the general population) 137. Despite the reduced size of our 
cohort, some results that corroborated previous findings were 
observed. Thus, the presence of a high number of CTCs 
(≥5CTCs/7.5mL) correlated with a shorter OS at baseline. 
However, we did not observe a significant association between 
PFS and the previously established cut-off of ≥5 CTC/7.5 mL of 
blood 121 at baseline, neither during follow up. This can be 
explained by the heterogeneity of our cohort. Besides, CTC 
cluster enumeration at baseline showed that the presence of CTC 
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clusters correlated with a shorter PFS and OS. This corroborated 
the results observed in previous works, demonstrating the 
prognostic value of CTC clusters at baseline in mBC 126,128,136. 
However, follow up data showed that CTC enumeration 
correlated with a worse prognosis, but CTC cluster detection did 
not correlate with clinical outcome, unlike the findings reported 
in previous studies 128,136,138. This discrepancy can be explained 
by the heterogeneity included in our cohort of patients, as well as 
the limited number of patients with follow up samples (38/54). 
The joint analysis, in which patients were classified into risk 
groups according to the number of CTCs (<5 or ≥5 CTCs/7.5mL) 
and the presence or absence of CTC clusters (<1 or ≥1 
CTCs/7.5mL) showed that CTC cluster enumeration at baseline 
constituted an independent prognostic factor predicting patient 
outcome. However, a study performed by Paoletti and colleagues, 
showed that the presence of CTC clusters at baseline in patients 
with high CTC counts (≥5 CTCs/7.5mL) is not a prognostic factor 
and that the prognostic value depends on the number of 
CTCs/7.5mL, suggesting that CTC clusters do not play a major 
role in the outcome of MBC patients starting first line 
chemotherapy 139. Moreover, the sustained presence of CTC 
clusters over time was associated with shorter survival. Although 
our data are in agreement with previous reports 45,125, given the 
size of our cohort, this result should be evaluated in a larger 
cohort. 
As a whole, and despite the size of the cohort studied, our 
data demonstrated that CTC cluster enumeration is an 
independent prognostic marker at baseline, that provides 
additional clinical information to CTC count alone. Hence, data 
obtained from our cohort of patients suggested that CTC cluster 
monitoring throughout time could potentially increase their 
prognostic value. However, this should be evaluated in a larger 
cohort of patients to confirm our observations, as we only studied 
the presence of CTC clusters at two different timepoints in a 
reduced number of patients. 
Given the clinical relevance of CTC cluster analysis, 




better understand tumour progression. However, most clinical 
data regarding the enumeration of CTC clusters are generated 
using the CellSearch® system for CTC detection. This is because 
CellSearch® is the only CTC isolation system approved by the 
FDA for clinical use in breast, prostate, and colorectal cancer 140. 
Despite its demonstrated clinical value, CellSearch® isolates 
CTCs and CTC clusters based on the use of magnetic beads 
functionalized with antibodies against the epithelial marker 
EpCAM. Hence, it exclusively isolates the epithelial-like CTCs 
but it might miss the mesenchymal-like subset of CTCs, which 
have a lower or no expression of EpCAM 78. Due to this 
limitation, several alternative CTC separation systems were 
developed. The majority of these CTC capture systems are based 
on the differential physical properties of CTCs and CTC clusters, 
in comparison with blood cells 78,140. ParsortixTM is a microfluidic 
device that isolates CTCs based on their larger size and their 
lower deformability than blood cells 97,98. Therefore, ParsortixTM 
can potentially detect not only the epithelial-like CTCs but also 
the CTCs with a more mesenchymal-like (or stem-like) 
phenotypic traits. Unlike the CellSearch®, ParsortixTM also allows 
the recovery of the isolated CTCs in a viable state for downstream 
analysis, such as CTC in vitro culture or transcriptomic analysis 
78,141. Moreover, the ParsortixTM system might allow the capture 
of a more heterogeneous CTC population, which would provide 
a more complete landscape of the metastatic process. The 
optimisation of the CTC enrichment parameters during CTC 
isolation in the ParsortixTM system, and the development of a live 
cell staining allowed us to capture and identify both, individual 
CTCs and CTC clusters in peripheral blood samples from mBC 
patients. Our optimisation was specifically aimed to potentially 
increase the likelihood of CTC cluster identification.  
Despite the clinical value of CTC enumeration in peripheral 
blood samples for predicting patient outcome, the study of CTCs 
at a molecular level can potentially provide additional and 
valuable information about the tumour status. Currently, the study 
of the tumour genomic mutations is performed on tumour biopsy 
(or solid biopsy). In this context, the molecular analysis of CTCs 
and CTC clusters, as tumour surrogates, is a non-invasive 
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alternative to assess tumour progression, or response to therapy 
142. However, the low frequency of CTCs and especially CTC 
clusters present in 7.5 mL of blood is one of their main limitations 
of liquid biopsy, as it narrows the variety of downstream 
molecular analysis that can be performed, restricting the 
improvement of the knowledge of the biology CTCs and CTC 
clusters 92,94. To overcome this limitation, alternative pre-
enrichment steps, such as Diagnostic Leukapheresis (DLA) are 
being used for CTC isolation. DLA samples come from the 
continuous centrifugation of large volumes of blood, and it was 
originally used to isolate MNCs as a therapy for leukaemia. 
Epithelial cells have a similar density to MNCs, thus CTCs can 
be co-isolated by this procedure 92–94. Therefore, DLA samples 
can partially solve the problem of low CTC frequency of the 
peripheral blood samples (7.5 mL of blood). It was estimated that 
the use of DLA products for CTC detection in the CellSearch® 
system generated a 0-32 increased yield of CTC detection in 
comparison with 7.5 mL of peripheral blood 95. In collaboration 
with the group of Translational Research in Gynaecology of the 
Heinrich-Heine University (Düsseldorf, Germany), we used DLA 
products from mBC patients to test the feasibility of isolating 
CTC clusters. The optimisation of a workflow for DLA sample 
processing with the ParsortixTM using spiking tests not only 
allowed us to detect individual CTCs but also to isolate CTC 
clusters. These results showed the great potential of DLA 
products for the isolation of CTC clusters. Although additional 
analysis should be performed, our data suggest that DLA can be 
a useful tool to increase CTC cluster isolation in BC. In this sense, 
it would be recommendable to compare the ability to detect CTC 
clusters in DLA products and peripheral blood samples when the 
cellularity of both samples is equivalent. 
CTC clusters seem to have a higher metastatic potential than 
single CTCs. Studies performed in animal models showed that 
CTC clusters are the main responsible for tumour spread and 
metastasis formation 23,45,104,108. Hence, unravelling the 
phenotypic traits that make CTC clusters more metastatic is 
essential for a better understanding of tumour dissemination. 




peripheral blood samples, the technical limitations existing 
regarding the identification and isolation of CTCs, and the 
challenges of ex vivo CTC culture created the need of developing 
alternative models of CTCs and CTC clusters to allow the in-
depth study of their metastatic potential, as well as their role 
within the metastatic spread of BC. 
Consequently, we worked on the development of 
experimental CTC cluster models directly derived from two well-
characterised BC cell lines to shed light on their metastatic traits 
using a set of different in vitro and in vivo experimental 
approaches. On the one hand, the in vitro characterisation 
intended to mimic different steps of the metastatic cascade, as 
well as to evaluate different phenotypic characteristics linked to 
the metastatic potential. On the other hand, in vivo 
characterisation was performed to assess the metastatic 
competence of our CTC models in a more realistic environment, 
such as a living organism. 
Transwell migration assays mimic the cell migration 
phenomena required in the initial steps of the metastatic cascade. 
Migration assays showed that the CTC clusters had a significantly 
higher ability to migrate in response to FBS gradient than 
individual CTCs in both, MDA-MB-231eGFP Luc and MCF-7eGFP 
Luc derived models. These results might initially seem 
counterintuitive as a higher ability to migrate would be expected 
in the individual CTC population based on their lower physical 
restrictions, which would allow it to go through the pores of the 
transwell membrane more easily. However, it was reported that 
CTC clusters can approach each other and aggregate generating 
bigger clusters, which increases their velocity of migration 143. 
This could explain our observations regarding the differential 
migration potential of CTC clusters. Additionally, invasion 
assays mimic the initial steps of the metastatic cascade, in which 
malignant cells should break the basement membrane, and 
migrate to invade other adjacent tissues during local invasion, or 
even, during early steps of intravasation. The MDA-MB-231eGFP 
Luc CTC cluster model had a significantly higher capacity to 
invade an ECM in vitro than the single CTC model. However, 
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MCF-7eGFP Luc CTC models did not show differences in the 
invasion ability between single CTCs and CTC clusters, probably 
due to the low levels of invaded cells detected for both models. 
The negligible invasion capacity detected was not unexpected 
given the epithelial nature of the MCF-7eGFP Luc cells, 
characterised by a low migration and invasion ability 144. 
During intravasation and extravasation, tumour cells should 
interact and adhere to the endothelium. The in vitro endothelial 
adhesion assays showed that CTC clusters adhered significantly 
less to the endothelial monolayer than single CTCs. These results 
were observed in both, MDA-MB-231eGFP Luc and MCF-7eGFP Luc 
CTC cluster models. However, the static conditions of this assay 
should be taken into consideration, as did not favour the 
generation of transient weak interactions between tumour cells 
and the endothelial monolayer. These interactions are considered 
an essential step for tumour transmigration throughout the 
endothelial layer during extravasation, promoting cell rolling, 
similar to the cell rolling of WBCs 51,145. Hence, the lack of a 
dynamic environment promoting interactions between both cell 
types and the absence of tumour cell rolling could potentially 
explain the lower adhesion ability of CTC clusters observed. In 
vivo studies provide dynamic conditions for studying the 
interactions between CTCs and endothelial cells. Thus, studies in 
ZF embryos demonstrated that CTC clusters could potentially 
have a higher ability to adhere to endothelium due to a physical 
arrest in the blood vessels of the ZF 146. Hence, further 
experimental approaches should be performed to test the 
endothelial adhesion capacity and extravasation ability of our 
CTC cluster models. 
Besides, the self-maintenance and self-renewal capacities of 
the CTC models were studied by soft agar colony formation 
assays, as these are traits that would favour successful metastatic 
seeding. The higher ability of colony formation observed in the 
CTC cluster models of MDA-MB-231eGFP Luc and MCF-7eGFP 
cells compared to individual CTC models goes in line with 
previous publications 147 and could be explained by the higher 




step of the metastasis is driven by key genetic programs 
56,108,148,149. For instance, a work performed by Zhang and 
colleagues demonstrated that cell aggregation induced the 
tyrosine-phosphorylation of PECAM-1 and Pyk2, which 
promoted anchorage-independent growth and resistance to 
anoikis 147. 
ZF experiments with MDA-MB-231eGFP Luc cell line showed 
higher dissemination of single CTCs than CTC clusters at 24 hpi. 
The dissemination of CTC clusters can be physically restricted by 
their larger size, which may explain their lower frequency in 
circulation. This was supported by the different dissemination 
patterns observed in single CTC and CTC cluster ZF xenografts. 
Almost all of the ZF injected with single CTCs showed the 
majority of cells arrested in the ventral area of the caudal region 
(area of caudal vein and dorsal aorta). This could be explained by 
the reduced flow in this area, which would allow the interaction 
between tumour cells and the endothelial cells of the vessel 146. 
Arrested cells were less frequently found at the dorsal (dorsal 
longitudinal anastomotic vessel) and lateral (intersegmental 
vessels). Likewise, ZF injected with CTC clusters showed 
disseminated cells preferentially arrested in the ventral region. 
However, their presence at dorsal and lateral locations was 
occasionally found and at a lower frequency than in single CTC 
ZF xenografts. CTC clusters reached dorsal and lateral locations 
probably due to their ability to reorganise their shape generating 
a chain-like cluster able to transverse capillary blood vessels, as 
was previously reported 150. However, the lower percentage of ZF 
and the lower frequency of CTC cluster disseminated in the dorsal 
and lateral regions compared to those injected with single CTCs, 
confirmed that CTC cluster dissemination is physically restricted 
by the size of the cluster, which favours their physical occlusion 
into the capillaries of low diameter. Hence, this would result in 
fast CTC cluster entrapment and a corresponding lower 
circulation half-life than individual CTCs, as it was previously 
published 45. 
Despite the lower dissemination observed in the ZF injected 
with CTC clusters than those injected with single CTCs, most of 
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the ZF injected with single CTCs showed a reduced fluorescence 
intensity at 72 hpi compared to 24 hpi, indicating that a great 
proportion of the disseminated cells did not survive in the caudal 
region. However, ZF xenografts injected with CTC clusters 
showed a sustained fluorescence throughout the time, having 
similar fluorescence intensities at both timepoints, 24 hpi and 72 
hpi, suggesting that CTC clusters survive better into the 
bloodstream of the ZF embryo than single CTCs. The survival 
advantage of CTC clusters exposed to the environmental stress of 
the circulation was also observed in vitro by the FSS assays. 
Survival into the bloodstream is a key step during tumour 
dissemination for developing successful metastases. The 
mechanical stress experienced by CTCs into the bloodstream due 
to shear forces is thought to be one of the main causes of tumour 
cell death during hematogenous dissemination, along with 
immune system response, and loss of ECM adhesion 45,151. 
Consequently, the significantly lower mortality and higher 
proliferation observed in the MDA-MB-231eGFP Luc CTC cluster 
model when exposed to FSS in vitro agreed with the observations 
performed in the ZF individual analysis. The ZF analysis showed 
a significant proportion of ZF injected with CTC clusters in which 
increased the fluorescence intensity throughout time, alike ZF 
injected with single CTCs. These results indicate that CTC 
clusters not only have a greater survival but also a proliferative 
advantage over single CTCs in the ZF. The higher FSS resistance 
detected in the MDA-MB-231eGFP Luc CTC clusters could be 
explained by the presence of strong cell-cell junctions, which 
prevent them from anoikis 107,152. Moreover, some tumour cells 
within the clusters may be less exposed to the FSS, which could 
reduce apoptosis related to mechanical stress and contribute to 
cell survival under these conditions 153. Furthermore, it was 
reported that CTC clusters can modify their shape by selective 
cleavage of cell junctions to go through capillary vessels 150, 
which can also contribute to limiting the negative impact of FSS 
and explain the survival advantage observed in the CTC cluster 
population. 
Furthermore, gene expression analyses showed a differential 




and CTC cluster ZF xenografts that supported the results obtained 
from functional analyses. Disseminated cells of the CTC cluster 
ZF xenografts had a lower expression of the pro-apoptotic gene 
BAX and an up-regulation of the pro-survival gene PLAU 154,155, 
when compared with the disseminated cells of the ZF xenografts 
injected with single CTCs. Urokinase-type plasminogen activator 
gene (PLAU) encodes a proteinase involved in the hydrolyzation 
and remodelling of the ECM, as well as in the activation of 
growth factors, which promotes cell proliferation, migration, and 
invasion 156. Thus, PLAU up-regulation was previously described 
to be associated with tumour progression and with a poorer 
outcome in BC, among other cancer types 157–160. Nevertheless, it 
was also shown that urokinase activity has anti-metastatic effects 
due to the dissociation of CTC clusters 161. Although further 
studies are required to unravel the role of PLAU gene in tumour 
progression, our results point towards a positive role of the 
urokinase activity during metastasis. This observation denoted 
that CTC clusters could have a survival advantage when injected 
into the circulation of the ZF embryos. 
In addition, disseminated cells from CTC cluster ZF 
xenografts had a higher expression of stem related genes (CD44, 
ITGA6) and cell cycle regulation genes (CDK4, E2F4), in 
comparison with the disseminated cells of single CTC xenografts. 
CD44 is a common marker of stem cells in BC that regulates cell 
adhesion, migration, survival, invasion and EMT 162. The up-
regulation of CD44 in the CTC cluster population is in line with 
previous reports, demonstrating that CD44 induces tumour cell 
clustering through the formation of homophylic CD44-CD44 
interactions, thus promoting tumorigenesis and polyclonal 
metastases formation 109. ITGA6 (also known as CD49f) is 
another gene related to BC stem cells that encodes an integral 
membrane protein involved in the interaction with the ECM 163. 
ITGA6 is also associated with cell invasion and tumour initiation 
capacity 163–165. Moreover, high expression levels of ITGA6 were 
reported to correlate with shorter PFS and OS in BC patients 166. 
Furthermore, the development of murine PDXs using samples 
derived from ER-negative BC patients allowed the identification 
of a CD44+/CD49f high/CD133/2 high cell subset with higher 
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tumour initiating capacity 167. Importantly, CTC clusters from 
mBC patients had a higher stem-like profile than individual CTCs 
109,117. In fact, it was demonstrated that CD49f-based isolation 
improves CTC detection in different BC subtypes 168. 
The analysis of the fluorescence variation over time 
performed in each ZF xenograft individually allowed us to 
observe an increase in the fluorescent intensity over time in the 
disseminated cells of ZF injected with CTC clusters, probably due 
to the growth of the disseminated cells. This observation agreed 
with the gene expression observed in the cell cycle related genes 
CDK4 and E2F4. Cyclin-dependent-kinase 4 gene (CDK4) 
correlates with a worse OS and PFS in BC, and it is usually 
overexpressed in TNBC 169. Treatment with CDK4/6 inhibitors 
block proliferation and foster apoptosis 169. Hence, the higher 
expression of CDK4 observed in the CTC cluster ZF xenograft 
could be promoting cell cycle progression and cell proliferation. 
Besides, CDK4 seems to regulate the expression of stem cell 
surface markers, such as CD44 and CD24 in TNBC. CDK4 
inhibitors reduced the proportion of the CD44+/CD24- subset of 
cells and prevented cancer cells from self-renewal 170. Moreover, 
E2F4 was also up-regulated in the CTC cluster ZF xenografts. 
E2F4 was described as both, tumour suppressor 171,172, and as an 
oncogene 173. Furthermore, it was highlighted that the E2F4 
activity, rather than E2F4 expression, is a negative prognostic 
factor for BC survival 174. Although our results of gene expression 
did not allow us to assess E2F4 activity, they support the role of 
E2F4 as a factor promoting proliferation in CTC clusters. 
Taken together, these data suggest an enhanced survival 
capacity of CTC clusters during circulation in the bloodstream 
derived from cell aggregation, in concordance with previous 
studies 45,56,108,124. Moreover, these results are supported by 
clinical observations in CTCs where the incidence of apoptosis 
among CTCs within the clusters is much lower than the observed 
in single CTCs isolated from the peripheral blood of patients with 
BC and small-cell lung cancer 116,131. The comparison with the in 
vivo ZF assays and the clinical data currently available cannot be 




our models. However, it brings to light the relevance of this 
animal model in oncology, especially to study tumour progression 
and metastasis formation in a short period of time. 
Although our data showed the great potential of ZF as an 
animal model to study tumour progression, murine models of 
cancer continue to be the gold standard for in vivo modelling of 
tumour spread. For this reason, we also performed an in vivo 
functional characterization of our CTC cluster model by using the 
mouse as an animal model. 
The injection of MDA-MB-231eGFP Luc single CTC and CTC 
cluster models into the lateral tail vein allowed to evaluate their 
survival capacity within the bloodstream, as well as their 
colonization and tumour-initiating abilities. This experimental 
approach showed that CTC clusters have a higher ability to 
survive in the lungs, and colonize a new anatomical location than 
single CTCs, giving rise to larger metastatic lesions. Despite the 
initial massive cell death observed in both populations, the 
monitoring of the tumour bioluminescent signal in the lungs over 
time allowed us to observe that CTC clusters showed a milder 
decrease in the bioluminescence than single CTC xenografts. This 
suggests that CTC clusters suffered a lower incidence of cell 
death than single CTCs during the early steps of lung 
colonization. These data reproduced a former work in which CTC 
clusters injected into the bloodstream of mice were more resistant 
to apoptosis during colonization of distant sites than single CTCs 
45. This advantage of CTC clusters allowed them to grow faster 
generating greater metastases than single CTCs and was in line 
with the results derived from the ZF xenografts. 
The murine orthotopic BC model was utilised as a potential 
source of CTC and CTC-cluster obtaining. We were able to detect 
and isolate CTCs as both, single CTCs and clusters. Additionally, 
we estimated that CTC clusters represented approximately 12.7% 
of all the detected events. Although this may be an 
underestimation of the real number of CTCs and CTC clusters, it 
was reported that CTC clusters are in a minority within the CTC 
population, representing 1-30 % of all CTCs 104. Hence, this 
orthotopic model of BC recapitulated human BC progression 
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properly, and it is a suitable model for functional and molecular 
studying the role of CTCs and CTC clusters in tumour spread. 
CTCs and CTC cluster quantification allowed us to observe a 
direct correlation between CTCs and CTC clusters. It implies that 
the more single CTCs are detected, the more CTC clusters are 
expected to be found, as it was also observed in the clinical 
setting.  
In collaboration with the Nano-oncology research line of the 
Roche-CHUS Joint Unit, we established the mCTC cell line, 
which grows in vitro forming cellular aggregates in suspension 
resembling CTC clusters. Thus, the mCTC cell line could 
potentially be a surrogate model of CTC clusters, as culturing and 
characterization of CTCs may be a suitable tool to perform drug 
screening or to study epigenomic changes in the expression 
profile of CTCs 117,175. In vitro mCTC characterisation allowed us 
to observe that mCTC had a significantly higher resistance to FSS 
than the CTC cluster model directly derived from MDA-MB-
231eGFP Luc. Moreover, it was observed that mCTC cell line had a 
higher colony formation ability than the parental cell line MDA-
MB-231eGFP Luc. However, these preliminary results could be 
explained by the differential culture conditions of both cell lines. 
Consequently, we included a third cell population, called 
‘231ULA’, derived from the culture of the MDA-MB-231eGFP Luc 
parental cell line under the same conditions as mCTC. The 231 
ULA cells showed a similar capacity to give rise to colonies than 
mCTC cells. Nevertheless, in vivo ZF xenografts showed 
significantly higher dissemination and survival ability of the 
mCTC cell line than both, parental MDA-MB-231eGFP Luc and 
231ULA. Besides, RNAseq data also showed potential 
differences in the expression profile between mCTC and the 
231ULA. Interestingly, among the differently expressed gene the 
ADTRP gene (androgen dependent TFPI regulating protein) was 
found to be overexpressed in the mCTC cell line (FC: 16.55). This 
fatty acid metabolism related gene was also found to be 
overexpressed in a RNAseq previously performed in the 
laboratory (data not published) in which we compared four paired 
cell lines derived from the primary tumour (PT) and pulmonary 




was observed that ADTRP was overexpressed in the metastasis-
derived cell lines (see figure S1, in the Supplementary Material 
section). Thus, ADTRP could potentially be a suitable candidate 
gene for later studies. However, further analyses are required to 
validate these results and to check these observations. Although 
further studies are required, preliminary characterisation of 
mCTC suggested that this CTC-derived cell line may have a 
higher metastatic potential than the in vitro CTC cluster models 
generated from MDA-MB-231eGFP Luc. These observations could 
derive from the origin of this cell line, where blood shear stress 
could have selected the more resistant clones to this environment, 
thus selecting those clones with higher metastatic potential and 
with a greater probability of seeding a metastatic lesion. 
Altogether, preliminary results indicate that mCTC cells may 
represent a more physiologically realistic model of CTC clusters 
and therefore a useful tool to study the biology of CTC clusters 
more accurately. Evaluating the colonization ability by 
performing a lung colonization assay in mice, assessing the 
tumorigenic capacity of the mCTC cell line in vivo, or studying 
drug resistance would be interesting experimental approaches to 
fully test the functional behaviour of the mCTC cells. Besides, 
studying the mutational heterogeneity of the mCTC may show the 
molecular traits underlying the functional observations. In this 
way, we would have a complete landscape at both, functional and 
molecular level, of the mCTC cells. 
Additionally, CTCs and CTC clusters isolated from tumour-
bearing mice were genomically studied, in collaboration with the 
Phylogenomics research group of the Biomedical Research 
Centre (CINBIO), at the University of Vigo. The individual 
genomic sequencing of 7 CTCs and 5 CTC clusters showed that 
CTC clusters carried a large set of mutations that were not present 
in single CTCs, which suggests a greater genomic variability than 
single CTCs. According to this, we hypothesise that CTC clusters 
may be genetically more heterogeneous than single CTCs, 
probably due to the presence of multiple tumour cell clones within 
the cluster, and they might bear specific genomic changes that 
may increase the chance of succeeding in metastatic colonization. 
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Proving this hypothesis may have important implications in our 
understanding of BC progression, particularly in the context of 
the polyclonal metastases seeding observed in BC 45,108,176,177. 
Nevertheless, additional studies are required to decipher the 
genomic characteristics of those CTCs and CTC clusters 
responsible for seeding metastases, as well as to determine the 
contribution to metastases formation.  
Taken together, in vitro and in vivo assays permitted to 
functionally characterise the single CTC and CTC cluster models. 
They also allowed us to observe differences between the in vitro 
single CTC and CTC cluster models, showing a higher metastatic 
potential associated with CTC clusters. This is in line with the 
current knowledge regarding the differential contribution of CTC 
clusters to the metastatic process. Hence, the CTC cluster model 
could potentially be a suitable surrogate for studying the biology 
of CTC clusters and their role within metastasis. Besides, the 
mCTC cell line is a promising tool for a more realistic study of 
the biology of CTC clusters. However, further studies are 
required to confirm its suitability as a potential CTC cluster 
surrogate. Finally, preliminary genomic analyses of CTCs and 
CTC clusters showed genomic differences between single CTC 
and CTC clusters, demonstrating that genomic profiling of CTCs 
can be of relevance to understand the metastatic seeding. As a 
whole, the models developed in this project contribute to 
overcoming the limitation of the low frequency of CTC clusters 
in the blood of BC patients and are useful tools to study the role 






















1. CTC cluster enumeration constitutes an independent 
prognostic factor that adds clinical value to CTC enumeration 
alone at baseline. Moreover, the sustained presence of CTC 
clusters in the peripheral blood samples is associated with shorter 
patient survival, hence correlating with a worse disease outcome. 
2. It was possible to isolate and detect individual CTCs and 
CTC clusters from peripheral blood samples derived from 
metastatic breast cancer patients by using an immune-
independent CTC separation workflow. This allowed the 
recovery of CTCs in a viable state that can potentially increase 
the variety of downstream analyses. 
3. Preliminary optimisation of a workflow with DLA 
products showed that it was feasible to isolate CTC clusters 
Hence, DLA products can increase the likelihood of CTC and 
CTC cluster isolation. 
4. A CTC cluster model from MDA-MB-231eGFP Luc TNBC 
cell line was developed. This model showed differential 
functional traits in vitro and in vivo in comparison with the 
individual CTC model, such as higher migration, invasion, colony 
formation, resistance to fluid shear stress, greater survival and 
proliferation within the ZF circulation and higher ability to 
colonize the lungs of mice. 
5. The significantly higher expression of CD44, ITGA6, 
CDK4, E2F4, PLAU, and the significantly lower expression of 
BAX gene points to a greater survival and a proliferative 
advantage of CTC clusters in vivo, in comparison with individual 
CTCs. 
6. Preliminary characterization showed that the mCTC cell 
line has functional in vitro and in vivo differences that suggest its 




mCTC cell line could potentially be a more realistic CTC cluster 
model, from a physiological point of view. 
7. Preliminary genomic analyses showed that CTC clusters 
have a higher genetic heterogeneity than single CTCs, as well as 
a set of specific mutations. This heterogeneity can be explained 
by the possible oligoclonal/polyclonal origin of CTC clusters. 
However, further studies are required to test this hypothesis. 
8. Together, the experimental approaches and the CTC 
models developed in this thesis provide alternative biological 
material for studying the biology of CTC clusters and their role 
in the metastatic process. These tools can help overcome the 



























Figure S1. Differently expressed genes determined by RNAseq 
between the primary tumour (PT) and lung metastasis (L) paired cell 
lines derived from four different mice orthotopic BC models. R10T11, 
R2T11, R5T11 and R6T11 correspond to PT samples and R10L11, R2L11, 





















mechanistic target of rapamycin (serine/threonine 
kinase) 
1p36.2 
CLSPN claspin 1p34.2 
MACF1 microtubule-actin crosslinking factor 1 1p32-p31 
CSDE1 cold shock domain containing E1, RNA-binding 1p22 
NOTCH
2 
notch 2 1p13-p11 
SETDB1 SET domain, bifurcated 1 1q21 
PIP5K1A 
phosphatidylinositol-4-phosphate 5-kinase, type I, 
alpha 
1q21.3 
ASH1L ash1 (absent, small, or homeotic)-like (Drosophila) 1q22 
ASPM 
asp (abnormal spindle) homolog, microcephaly 
associated (Drosophila) 
1q31 
GATA3 GATA binding protein 3 10p15 
ANK3 ankyrin 3, node of Ranvier (ankyrin G) 10q21 
CCAR1 cell division cycle and apoptosis regulator 1 10q21.3 
NUP98 nucleoporin 98kDa 11p15.5 
ARNTL aryl hydrocarbon receptor nuclear translocator-like 11p15 
AHNAK AHNAK nucleoprotein 11q12.2 
HSPA8 heat shock 70kDa protein 8 11q24.1 
SRGAP1 SLIT-ROBO Rho GTPase activating protein 1 12q14.2 
CEP290 centrosomal protein 290kDa 12q21.32 
FLT3 fms-related tyrosine kinase 3 13q12 
DIS3 
DIS3 homolog, exosome endoribonuclease and 3'-5' 
exoribonuclease 
13q22.1 
SOS2 son of sevenless homolog 2 (Drosophila) 14q21 
AQR aquarius intron-binding spliceosomal factor 15q14 
MGA MGA, MAX dimerization protein 15q14 
MYH11 myosin, heavy chain 11, smooth muscle 16p13.11 
CHD9 chromodomain helicase DNA binding protein 9 16q12.2 
CTCF CCCTC-binding factor (zinc finger protein) 
16q21-
q22.3 
CDH1 cadherin 1, type 1 16q22.1 
GPS2 G protein pathway suppressor 2 17p13 




NF1 neurofibromin 1 17q11.2 
CDK12 cyclin-dependent kinase 12 17q12 
MED24 mediator complex subunit 24 17q21.1 
HLF hepatic leukemia factor 17q22 
CLTC clathrin, heavy chain (Hc) 17q23.1 
DDX5 DEAD (Asp-Glu-Ala-Asp) box helicase 5 17q21 
SMAD4 SMAD family member 4 18q21.1 
SF3B1 splicing factor 3b, subunit 1, 155kDa 2q33.1 
FN1 fibronectin 1 2q34 
ARFGEF
2 
ADP-ribosylation factor guanine nucleotide-
exchange factor 2 (brefeldin A-inhibited) 
20q13.13 
EP300 E1A binding protein p300 22q13.2 
SETD2 SET domain containing 2 3p21.31 
RBM5 RNA binding motif protein 5 3p21.3 
PBRM1 polybromo 1 3p21 
KALRN kalirin, RhoGEF kinase 3q21.2 
TBL1XR
1 
transducin (beta)-like 1 X-linked receptor 1 3q26.32 
EIF4G1 eukaryotic translation initiation factor 4 gamma, 1 3q27.1 
EIF4A2 eukaryotic translation initiation factor 4A2 3q28 
RFC4 replication factor C (activator 1) 4, 37kDa 3q27 
POLR2B 
polymerase (RNA) II (DNA directed) polypeptide B, 
140kDa 
4q12 
SEC24D SEC24 family member D 4q26 
CCT5 chaperonin containing TCP1, subunit 5 (epsilon) 5p15.2 
TRIO trio Rho guanine nucleotide exchange factor 5p15.2 
MAP3K1 
mitogen-activated protein kinase kinase kinase 1, 
E3 ubiquitin protein ligase 
5q11.2 
AFF4 AF4/FMR2 family, member 4 5q31 
NSD1 nuclear receptor binding SET domain protein 1 5q35 
MLLT4 
myeloid/lymphoid or mixed-lineage leukemia; 
translocated to, 4 
6q27 
EGFR epidermal growth factor receptor 7p12 
AKAP9 A kinase (PRKA) anchor protein 9 7q21-q22 
BRAF B-Raf proto-oncogene, serine/threonine kinase 7q34 
MSR1 macrophage scavenger receptor 1 8p22 
SVEP1 
sushi, von Willebrand factor type A, EGF and 
pentraxin domain containing 1 
9q32 
SPTAN1 spectrin, alpha, non-erythrocytic 1 9q34.11 
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BCOR BCL6 corepressor Xp11.4 




TAF1 RNA polymerase II, TATA box binding protein 
(TBP)-associated factor, 250kDa 
Xq13.1 
PRKCZ protein kinase C, zeta 
1p36.33-
p36.2 
PTPRU protein tyrosine phosphatase, receptor type, U 1p35.3 
ARID4B AT rich interactive domain 4B (RBP1-like) 1q42.3 
TCF7L2 
transcription factor 7-like 2 (T-cell specific, HMG-
box) 
10q25.3 
LRP6 low density lipoprotein receptor-related protein 6 12p13.2 
CDKN1B cyclin-dependent kinase inhibitor 1B (p27, Kip1) 
12p13.1-
p12 
ACVR1B activin A receptor, type IB 12q13 
NUP107 nucleoporin 107kDa 12q15 
ELF1 E74-like factor 1 (ets domain transcription factor) 13q13 
LCP1 lymphocyte cytosolic protein 1 (L-plastin) 13q14.3 
FUS FUS RNA binding protein 16p11.2 
TP53 tumor protein p53 17p13.1 
BRCA1 breast cancer 1, early onset 17q21 
BPTF bromodomain PHD finger transcription factor 17q24.3 
SOS1 son of sevenless homolog 1 (Drosophila) 2p21 
ITSN1 intersectin 1 (SH3 domain protein) 
21q22.1-
q22.2 
RUNX1 runt-related transcription factor 1 21q22.3 
CHEK2 checkpoint kinase 2 22q12.1 
MYH9 myosin, heavy chain 9, non-muscle 22q13.1 
MLH1 mutL homolog 1 3p21.3 
FOXP1 forkhead box P1 3p14.1 
STAG1 stromal antigen 1 3q22.3 
PIK3CB 
phosphatidylinositol-4,5-bisphosphate 3-kinase, 
catalytic subunit beta 
3q22.3 
ATR ATR serine/threonine kinase 3q23 
MECOM MDS1 and EVI1 complex locus 3q26.2 
MUC20 mucin 20, cell surface associated 3q29 
TNPO1 transportin 1 5q13.2 
APC adenomatous polyposis coli 5q21-q22 
ACSL6 acyl-CoA synthetase long-chain family member 6 5q31.1 




FUBP1 far upstream element (FUSE) binding protein 1 1p31.1 
RPL5 ribosomal protein L5 1p22.1 
KRAS Kirsten rat sarcoma viral oncogene homolog 12p12.1 
ARID2 AT rich interactive domain 2 (ARID, RFX-like) 12q12 
BRCA2 breast cancer 2, early onset 13q12.3 
AKT1 v-akt murine thymoma viral oncogene homolog 1 14q32.32 
TCF12 transcription factor 12 15q21 
NR4A2 nuclear receptor subfamily 4, group A, member 2 2q22-q23 
CASP8 caspase 8, apoptosis-related cysteine peptidase 2q33-q34 
BMPR2 
bone morphogenetic protein receptor, type II 
(serine/threonine kinase) 
2q33-q34 
IDH1 isocitrate dehydrogenase 1 (NADP+), soluble 2q33.3 
TGFBR2 
transforming growth factor, beta receptor II 
(70/80kDa) 
3p22 
CLASP2 cytoplasmic linker associated protein 2 3p22.3 
DHX15 DEAH (Asp-Glu-Ala-His) box helicase 15 4p15.3 
G3BP2 




F-box and WD repeat domain containing 7, E3 
ubiquitin protein ligase 
4q31.3 
PIK3R1 





casein kinase 1, gamma 3 5q23 
MED23 mediator complex subunit 23 
6q22.33-
q24.1 
ACTB actin, beta 7p22 
CUL1 cullin 1 7q36.1 
PAX5 paired box 5 9p13 
RPGR retinitis pigmentosa GTPase regulator Xp21.1 
KDM5C lysine (K)-specific demethylase 5C 
Xp11.22-
p11.21 
MED12 mediator complex subunit 12 Xq13 
FMR1 fragile X mental retardation 1 Xq27.3 
HCFC1 host cell factor C1 Xq28 
ATM ATM serine/threonine kinase 
11q22-
q23 
CHD4 chromodomain helicase DNA binding protein 4 12p13 
TFDP1 transcription factor Dp-1 13q34 
GOLGA
5 
golgin A5 14q32.12 
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PCSK6 proprotein convertase subtilisin/kexin type 6 15q26.3 
ERBB2 erb-b2 receptor tyrosine kinase 2 17q12 
CAD 
carbamoyl-phosphate synthetase 2, aspartate 
transcarbamylase, and dihydroorotase 
2p22-p21 
NF2 neurofibromin 2 (merlin) 22q12.2 
MKL1 megakaryoblastic leukemia (translocation) 1 22q13 
BAP1 
BRCA1 associated protein-1 (ubiquitin carboxy-
terminal hydrolase) 
3p21.1 
RHEB Ras homolog enriched in brain 7q36 
ARID1A AT rich interactive domain 1A (SWI-like) 1p35.3 
PIK3R3 
phosphoinositide-3-kinase, regulatory subunit 3 
(gamma) 
1p34.1 
TBX3 T-box 3 12q24.21 
BNC2 basonuclin 2 9p22.2 
NOTCH
1 
notch 1 9q34.3 
























AHNAK AHNAK nucleoprotein 11q12.2 
MGA MGA, MAX dimerization protein 15q14 
FUS FUS RNA binding protein 16p11.2 
MED24 mediator complex subunit 24 17q21.1 
NR4A2 nuclear receptor subfamily 4, group A, member 2 
2q22-
q23 




sushi, von Willebrand factor type A, EGF and 
pentraxin domain containing 1 
9q32 
STIP1 stress-induced phosphoprotein 1 11q13 
CCT5 chaperonin containing TCP1, subunit 5 (epsilon) 5p15.2 
ERCC2 excision repair cross-complementation group 2 19q13.3 
NF2 neurofibromin 2 (merlin) 22q12.2 
SPTAN1 spectrin, alpha, non-erythrocytic 1 9q34.11 
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